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Abstract 

Abstract 

A ferrous picrate based homogeneous combustion catalyst has shown significant 

effectiveness in improving the fuel economies in compression ignition (diesel) engines. 

However, there has been a lack of knowledge of the effect and the working mechanisms 

of the catalyst in reducing the pollutant emissions, which has hindered the widespread 

application of the catalytic technology in diesel engines. The present research aimed to 

systematically assess the efficacy of the ferrous picrate catalyst in emission reductions 

from diesel engines and to further the understanding of the mechanisms behind the 

catalytic effect in diesel combustion processes. More specifically, this thesis work has 

successfully addressed the following specific research objectives: 

 

• To confirm and quantify the effect of the catalyst in improving fuel consumptions 

and reducing pollutant emissions (UHC, CO, NOx and smoke) from a diesel engine 

fuelled with diesel and biodiesel; 

• To investigate the effect of the catalyst on the key characteristics of soot particles 

from diesel engine combustions, including soot oxidation properties, soot 

nanostructure and particle size, soot chemical and elemental compositions; 

• To ascertain the morphology and the ultimate fate of iron in the catalyst during 

diesel combustion process; and 

• To reveal the mechanisms of the working of the catalyst in diesel soot formation 

during the combustion processes. 

 

To assess the effectiveness of the catalyst, a series of tests was performed on a 

laboratory diesel engine and a large-scale diesel engine facility as a function of engine 

speed, load and catalyst dosage. The beneficial effects were also examined with the 

engine fuelled with biodiesel fuel to realise the full potential of the catalyst. The tests 

consistently demonstrated a fuel saving of 1.1% - 3.8% over the range of conditions 

examined. The mechanisms of the catalyst in diesel engine combustions were studied by 

determining the differences in the characteristics of soot particles using a combination 

of several advanced analytical techniques, including TGA, SEM/TEM-EDS, FT-IR, 

NMR and elemental analyser. The evolution of iron in the catalyst during diesel 

combustion was also investigated to provide additional evidence for the understanding 
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Abstract 

of the role of the catalyst in diesel combustion processes. 

 

Laboratory diesel engine tests with diesel fuel have showed the addition of the catalyst 

was able to reduce up to 39.5% smoke, 22.5% CO and 15.3% unburned hydrocarbons 

(UHC), as well as 3.8% specific fuel consumptions. As a consequence of the improved 

combustion efficiency, NOx was found to be elevated by up to 8.3% under the 

experimental conditions. Results from large-scale diesel engine tests showed that the 

use of the catalyst reduced up to 20.7% CO and 22.8% UHC at the cost of 5.3% 

increase in NOx. In biodiesel combustion, the smoke, CO and UHC emissions were 

reduced by up to 24.4%, 17.3% and 3.8% with the fuel consumptions saved by up to 

2.8%, by the addition of the catalyst. It was also found that the NOx and CO2 from the 

biodiesel combustion were increased by up to 4.5% and 2.5% due to the enhanced 

combustion efficiency associated with the use of the catalyst. These results confirmed 

that the catalyst improved the combustion efficiency and substantially reduce the 

incomplete combustion pollutants from diesel combustion in diesel engines; meanwhile, 

these benefits were also attained when the catalyst was added to biodiesel as an 

alternative transport fuel. 

 

The characteristics of soot from diesel engines fuelled with diesel with and without the 

catalyst were examined in great detail. Compared to those of the reference diesel soot, it 

was found that soot from the catalyst treated fuels possessed lower ignition 

temperatures and higher oxidation rates, and the tendency was more prominent by 

increasing the catalyst dosage. This implied that iron in the catalyst deposited in soot 

and subsequently accelerated the soot oxidation. Besides, it was found that the average 

diameter of primary soot and aggregates from the catalyst treated fuels were slightly 

smaller, which demonstrated that the catalyst influenced the particle sizes during the 

soot formation process. It was also found that the soot samples all displayed a 

turbostratic graphitic microstructure with similar lattice spacings and fractal dimensions, 

indicating that the way how soot nuclei and aggregates formed remained unaffected by 

the use of the catalyst. Furthermore, it was observed that the soot from catalyst treated 

diesel contained higher C/H and C/O ratios, while the types of carbon bonds and 

organic functional groups remained to be the same in the solid fractions of all soot 

samples. It was inferred that diesel combustion occurred more completely in the 

presence of the catalyst with fewer unburned hydrocarbons and oxygenates formed and 
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attached to the soot. 

 

The study showed that iron in the catalyst was found to form iron-decorated soot 

particles and scattered on the surface of large soot aggregates in the engine exhausts. 

Results also proved that no iron signal was detected in the primary soot matrix, which 

again demonstrated that iron in the catalyst may not intrusively interact with the 

nucleation of primary soot during the formation process and thus the absence of iron in 

the matrixes. 

 

The mechanisms of the catalyst in diesel engine combustions were proposed, in that the 

ferrous picrate decomposes and releases iron atoms to the hot combustion chamber, 

resulting in an improved combustion environment which favours the gas-phase 

hydrocarbon reactions with fewer nuclei and primary soot formed, thus the smaller 

primary soot and aggregates in sizes. Then the iron atoms accelerate the oxidation 

process to reduce the soot mass. Towards the end of the combustion cycle, iron atoms 

condense from the hot flame and form iron-decorated soot particles to be incorporated 

in the exhausts. The fuel combustion in diesel engines is therefore substantially 

promoted by the catalyst, leading to lower fuel consumptions and less incomplete 

combustion pollutants, i.e. smoke (soot), CO and UHC. The work documented in this 

thesis provides valuable insights into the understanding of the working mechanisms of 

the ferrous picrate catalyst in the combustion processes of diesel engines and has 

significant implication in the application of the new catalytic technology. 
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Chapter 1 

Chapter 1 Introduction 

1.1 Background and Motivation 

Compression ignition (CI) engines, normally known as diesel engines, have found 

widespread applications as power sources in the transportation sector, mining and 

remote rural and regional areas, as well as in many emergency services. Their innate 

high efficiency, power output and durability have resulted recently in unprecedented 

growth in their share of the passenger car and heavy machinery markets (Knecht, 2008). 

However, the ever-increasing demand for diesel engines has led to its dominance as a 

source of pollutants threatening human health and the environment. Diesel engines 

generate exhausts containing hundreds of harmful substances, among which the 

emissions of particulate matters (PM) or soot, carbon monoxide (CO), unburned 

hydrocarbons (UHC) and oxides of nitrogen (NOx) have been restricted by standard 

regulations in many countries (IARC, 1989, Kittelson, 1998, Johnson, 2006, Knecht, 

2008).  

 

To meet the increasingly stringent regulatory requirements, numerous techniques have 

been developed to lower the formation of diesel engine pollutants. The emission control 

strategies, such as engine modifications and post-combustion treatment devices, 

normally take longer time to fully implement due to the slow fleet turnover (Lloyd and 

Cackette, 2001, Zheng et al, 2004, Hillion et al, 2009, Agarwal et al, 2011). Under this 

circumstance, the direct addition of metal-based diesel combustion catalysts as a simple 

and inexpensive tool, has shown significant promise in reducing diesel pollutant 

emissions with solid benefits in improving the combustion efficiencies and fuel 

economies (Parsons and Germane, 1983, Vincent et al, 1998, Jelles et al, 2001, Chlopek 

et al, 2005, Zhang, 2009). At the molecular level, the catalyst contains a metallic 

component to promote the fuel combustion and an organic component to make the 

catalyst oil soluble, thus alternatively named as homogeneous combustion catalysts 

(HCCs). 

 

A number of metal-based HCCs have been reported in the literature with catalytic 

effects in the combustion processes in diesel engines, including platinum (Caton et al, 
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1991, Jelles et al, 2001), cerium (Okuda et al, 2009), iron (Shayeson, 1967, May and 

Hirs, 2005, Zhang, 2009), copper (Guru et al, 2002), manganese (Yang et al, 1998), 

magnesium (Lyyranen et al, 2002, Keskin et al, 2011), calcium (Witzel et al, 1995), 

sodium (Vincent et al, 1998) and etc. Among these, iron is one of the best choices 

because it is most effective and relatively cheap, and poses minimal adverse impacts in 

the environment when emitted in exhausts (Maricq, 2007, Cho et al, 2009). In the 

literature, a variety of experimental and modelling studies have been reported on the 

formulation of the iron-based HCCs and testing of their capability in improving fuel 

combustion efficiencies and reducing pollutant formations (Shayeson, 1967, Parsons 

and Germane, 1983, Zeller and Westphal, 1992, Skillas et al, 2000, May and Hirs, 2005, 

Kim et al, 2008, Kannan et al, 2011). 

 

The present thesis is concerned with a novel ferrous picrate based combustion catalyst 

(FPC), a proprietary product of Fuel Technology Pty Ltd in Western Australia. Previous 

field trails and laboratory studies had focused on the efficacy of FPC in improving fuel 

economies, where a minimum average saving of 2.5% in fuel consumptions has been 

reported at a 97% confidence level from a statistical analysis of a large number of 

engine tests (Zhang, 2009). However, there have been little efforts devoted to quantify 

the effectiveness of FPC in reducing engine pollutant emissions. The several field trail 

studies found in the open sources (Carlson, 1982, Parsons and Germane, 1983, Petroli, 

1994) have presented discrepant results in terms of the emission reductions with the use 

of FPC. 

 

The lack of a systematic assessment on the engine performances and an understanding 

of the mechanism behind the catalytic effect of FPC have hindered its widespread 

applications in diesel engines, which becomes the premier motivation of the present 

research. In addition, due to the fast depletion of the conventional fossil fuel, alternative 

transport fuels such as biodiesel have been proposed and developed for use in diesel 

engines and their usage is expected to grow in the future. It is therefore very relevant 

and imperative to investigate if FPC would have the same beneficial effect with these 

fuels in order to realise the full potential of the catalyst. Overall, there is an urgent need 

to conduct a systematic and under-controlled investigation into the effectiveness and the 

mechanisms of FPC in diesel engine combustion, which would serve as a scientific 

database for the development and deployment of a new catalytic technology with 
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potentially significant financial benefits to the industry, the environment and society at 

large. 

1.2 Scope and Aims 

The overall aims of the present thesis work were to confirm and quantify the 

effectiveness of the ferrous picrate based combustion catalyst in reducing the pollutant 

emissions from diesel engines, as well as to further the knowledge of the mechanisms of 

the catalyst in diesel combustion processes. 

 

Under this research scope, the engine performances of the catalyst in terms of emission 

reductions and fuel savings were assessed as a function of engine speed, load, catalyst 

dosage and the fuel type (commercial diesel and biodiesel). In order to unveil the 

mechanisms of the catalyst in affecting the pollutant formations, a comparative and 

phenomenological study were undertaken to characterise the diesel soot particles which 

are the main pollutants from diesel engines, with and without the addition of the catalyst. 

Furthermore, the evolution of iron in the catalyst after catalysing the diesel combustion 

was also investigated to provide valuable insights into the understanding of the 

mechanisms of the catalyst in diesel combustion and soot formation processes in diesel 

engines. 

1.3 Thesis Structure 

There are a total of eight chapters in this thesis, as outlined below. The structure of the 

thesis is graphically shown in Figure 1-1. 

 

Chapter 2 reviews the current knowledge status of the effects and mechanisms of 

various homogeneous combustion catalysts (HCCs) in promoting the combustion 

processes and reducing the pollutant emissions from diesel engines, which finally leads 

to the identification of research gaps and the establishment of specific objectives for the 

present work. 

 

Chapter 3 presents the research methodology, experimental approaches as well as the 

analytical techniques employed to achieve the research objectives of this study. 

 

3 



Chapter 1 

Chapter 4 examines the effect of the catalyst on pollutant emissions as well as fuel 

savings from diesel engines fuelled with diesel and biodiesel fuels, in a systematic and 

under-controlled manner. 

 

Chapter 5 investigates the effect of the catalyst on the characteristics of diesel soot 

particles emitted from diesel engines, including soot oxidative property, microstructure 

and particle size, as well as the chemical structures and elemental compositions of soot. 

 

Chapter 6 studies the ultimate fate of iron derived from the catalyst after catalysing the 

diesel combustion processes. 

 

Chapter 7 evaluates the findings from the present research and discusses their practical 

implications for the application of the catalyst, with new research gaps identified for 

future work. 

 

Chapter 8 draws conclusions from the present study and outlines the recommendations 

for future research. 
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Chapter 2 Literature Review 

2.1 Introduction 

The evaluation of homogeneous combustion catalysts (HCCs) towards their applications 

in engine combustions requires a thorough understanding of the combustion 

characteristics of diesel engine, the formation of major engine emissions as well as the 

possible mechanisms of HCCs in the combustion processes in diesel engines. This 

chapter reviews the performance of HCCs during diesel engine combustion, 

emphasising the effects and mechanisms of HCCs in reducing the engine emissions. 

The outcomes of this review will help form a sound methodology for a systematic 

evaluation of a ferrous picrate based combustion catalyst in affecting engine combustion 

and pollutant formations, which is the main focus of this very thesis work. 

 

This chapter begins with a general overview of the fundamentals of diesel engine 

combustion and the mechanisms of formation of engine pollutants, followed by a 

discussion on the available techniques for emission control. Then the current status of 

knowledge of HCCs is reviewed, which includes extensive discussions on the types and 

formulations of HCCs, the performances of HCCs during diesel engine combustion, the 

effects of HCCs on the complex properties of soot particles. This review further 

examines the catalytic mechanisms of HCCs in fuel combustion and soot formation 

processes, as well as the evolution of the metallic components in HCCs. This chapter 

finally provides conclusions based on the thorough review and defines the research gaps 

which assist in identifying the specific objectives of the present research. 

2.2 Combustion and Pollutant Formation in Diesel Engines 

2.2.1 Combustion Characteristics of Diesel Engines 

2.2.1.1 Principles of Diesel Engine Operation 

Modern Compression Ignition (CI) engines have evolved from the very first invention 

by Dr Rudolf Diesel in 1897, thus alternatively named as diesel engine. The 

development of diesel engines as a new technology has steadily progressed in the past 
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century. Today, diesel engines are widely used in transportation, heavy machinery and 

power generations due to their higher energy conversion efficiency, power outputs and 

durability compared to spark ignition (SI) petrol engines (Heywood, 1988). Typically, 

diesel engines fall into the category of internal combustion engines which burn the fuel-

air mixture within the cylinders, and also reciprocating engines which are driven by the 

piston moving laterally in two directions. There are a wide range of engine designs 

available in the current generation. The simplest engine type is designed with the two-

stroke concept which requires one crankshaft resolution for a complete engine cycle. 

However, the majority operates on a four-stroke cycle concept which requires two 

resolutions of the crankshaft to complete a combustion event. As shown in Figure 2-1, 

the operating principle of a four-stroke engine model comprises the following steps: 

 

 
Figure 2-1 Schematic diagram of the four-stroke cycle operation 

 

Intake stroke: in this stroke, piston moves from the top dead centre (TDC) and ends at 

the bottom dead centre (BDC). The intake valve opens to allow sufficient air drawn into 

the cylinder and closes at the end of the stroke.  

Compression stroke: during this stroke, the air in the cylinder is compressed to a small 

volume by the piston moving upwards. Depending on the engine design, the air is 

finally compressed to a very high pressure of up to 4MPa and a high temperature of 

about 800K, which are the prerequisites to ignite the fuel. The compression ratio of CI 

engines is much higher than that of SI engines, ranging in 12-24 (Heywood, 1988). 

Expansion stroke: during the expansion stroke, piston moves downwards from TDC. 

Towards the completion of the last stroke, fuel is introduced as a spray of liquid droplets 

by a nozzle assembly. The fuel droplets are rapidly vaporised once expose to the hot 

compressed air and then the combustion is initiated. The hot exhaust gases expand 
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adiabatically in the cylinder pushing the piston down and hence the work is done. 

(Heywood, 1988). 

Exhaust stroke: in this stroke, the piston moves upward again. The exhaust escapes from 

the cylinder because the in-cylinder pressure is substantially high, and the remaining 

exhausts are swept out by the upward movement of the piston. As the piston approaches 

the TDC, the exhaust valve closes and an engine combustion cycle is completed. At the 

end of the exhaust stroke, the intake valve opens and the cycle starts again (Crua, 2002). 

 

 
Figure 2-2 P-V diagrams of the idealised (a) Otto cycle in spark ignition (SI) engines and 

(b) diesel cycle in compression ignition (CI) engines (Heywood, 1988) 

 

The idealised thermodynamic cycles of SI and CI engines are illustrated in Figure 2-2. 

Typically, the SI engine operates based on the Otto cycle, which consists of isentropic 

compression (compression stroke), constant-volume combustion, isentropic expansion 

(expansion stroke) and heat rejection at constant-volume. In a four-stroke SI engine, 

there are two additional processes, namely, intake stroke (isobaric expansion) and 

exhaust stroke (isobaric compression). In contrast, a diesel engine operates following a 

different cycle to that of the SI engine, by involving a high compression ratio rather than 

a spark plug. In an idealised diesel cycle, as shown in Figure 2-2 (b), air is compressed 

adiabatically to raise the in-cylinder temperature and ignite the fuel mixture. The 

compression process is followed by constant-pressure combustion, and then the 

adiabatic expansion (expansion stroke) and isovolumetric exhaust processes. This cycle 

can be operated at a higher compression ratio than the Otto cycle because only air is 
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compressed in the compression stroke without the risk of auto-ignition of the fuel. As 

such, diesel engines in practice can achieve higher thermal efficiencies than SI engines 

(Heywood, 1988). 

2.2.1.2 Principles of Diesel Engine Combustion 

Combustion in diesel engines is an inherently complex process as it involves numerous 

chemical reactions as well as physical and mechanical aspect issues. The essential 

characteristic of diesel engine combustion lies in that, only air is inducted to the 

cylinder and compressed to a high temperature and pressure, then the fuel is sprayed at a 

high velocity just before the combustion process is started (Heywood, 1988). Thus, how 

finely the fuel is atomised and how well the fuel is mixed with the surrounding air 

become the crucial factors in determining the completeness of the combustion. Boerlage 

and Broeze (1938) noted this heterogeneity of the fuel/air mixture and presented a 

comprehensive analysis on the combustion processes in diesel engines, in which the 

processes were defined in three stages including mixture formation, self-ignition and 

combustion. The understanding of each single stage was greatly improved after the 

application of the laser-sheet imaging in 1990s (Dec, 1997, Espey et al, 1997, Flynn et 

al, 1999), which provided enormous help in shaping a fairly complete conceptual model 

for depicting the whole combustion processes. Typically, the combustion processes in 

diesel engines can be divided into four sequential stages, as presented in Figure 2-3 and 

described as follows: 

 

 
Figure 2-3 Pressure-Crank angle diagram of the combustion processes in diesel engines 
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Ignition delay (a-b): There is a short time period between the time when the first fuel 

droplet contacts with the hot compressed air (start of injection) and the time when it 

ignites (start of ignition), which is defined as ignition delay. During this period, the fuel 

droplet vaporises rapidly and mixed with the surrounding high-pressure hot air to make 

up a combustible mixture, thus it is also referred as the mixture preparation stage. Flynn 

et al (1999) mentioned that the duration of the ignition delay poses an extreme influence 

on engine performance by affecting the combustion rate, engine knocking and the 

smoke formation. Ignition delay can be varied with the alternation in engine load, 

compression ratio and fuel Cetane number. 

Premixed combustion (b-c): in this stage, as the piston moves closer to the TDC, 

ignition occurs instantaneously from the portion of the premixed fuel-air mixture which 

has reached a stoichiometric proportion during the ignition delay period, thus also 

referred as auto-ignition stage. The instantaneous ignition is accompanied with a sharp 

increase in the in-cylinder pressure. The rate of the pressure rise is determined by the 

volume of the fuel injected at the ignition delay period, the fuel spray pattern and the 

air/fuel mixture, and so on. The high combustion temperature achieved in this phase 

will lead to a high NOx formation. 

Mixing-controlled combustion (c-d): this stage is also referred to diffusion combustion 

as the diffusion flame begins to form at the periphery of the fuel droplet plume (Flynn et 

al, 1999). Since the in-cylinder temperature is very high at the end of the premixed 

combustion phase, the fuel injected in this stage will burn as soon as it finds oxygen. 

The burning rate of the fuel is controlled by the rate of the fuel-air mixing, thus the term 

mixing-controlled combustion. A rapid fuel-air mixing is highly desirable for the benefit 

of high combustion efficiency. Diesel engine generally operates in an excess air 

condition (high air-fuel ratio, fuel lean), the engine load is altered by the amount of fuel 

injected each cycle, as the air intake in a given speed is set as constant. However, the 

actual air-fuel mixture in the local combustion zone of each flame front is non-

homogeneous. Complete combustion only occurs in the flame zones with stoichiometric 

equivalent air-fuel ratios, while the fuel-rich combustion tends to produce soot and fuel-

lean combustion is prone to generate unburned hydrocarbons. The pressure from 

diffusion combustion rises more gradually and the shape of the pressure rise is 

dependent on the rate of fuel injection and air motion (Heywood, 1988).  

Late combustion (d-e): The fuel injection process ends at point d in Figure 2-3. 

However, the combustion of the unburned and partially burned fuel in the engine 
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chamber continues as soon as they contact with oxygen. This stage continues till the 

start of expansion stroke. However, the exhaust gas temperature will rise if this period 

lasts longer, leading to a loss in total fuel conversion efficiency.  

 

In diesel engines, the chemical energy stored in fossil fuel is released and transferred to 

the mechanical work through the combustion processes described in above. The 

efficiency of the engine using the fuel supplied to produce work can be measured by 

brake specific fuel consumption (BSFC), which is defined as the ratio of the fuel 

consumption rate mf to the delivered power P per engine cycle: 

 

BSFC(𝑔 𝑘𝑊ℎ⁄ ) = 𝑚𝑓(𝑔 ℎ)⁄
𝑃(𝑘𝑊)

  (2-1) 

 

Lower BSFC is desirable which indicates a higher engine working efficiency. For 

optimised diesel engines, the BSFC values can be achieved below 200g/kWh, much 

lower than those for SI engines, typically at 270g/kWh (Heywood, 1988). A more 

fundamental parameter to describe the efficiency of the engine working process is fuel 

conversion efficiency or engine efficiency ηf, which can be expressed by the ratio of the 

work produced per cycle to the amount of energy supplied (𝜂𝑓 = 𝑃
𝑚𝑓𝑄𝐻𝑉

). The fuel 

energy that can be supplied in a combustion cycle is related to the amount of fuel 

consumed per cycle and the heating value QHV of fuel (energy content). 

 

It is worth mentioning that in practical conditions, the chemical energy of a hydrocarbon 

fuel is not fully transformed to thermal energy due to the incompleteness of the actual 

combustion process. The combustion efficiency can be affected by many factors, such 

as air-fuel ratio, engine design and operating conditions. Therefore, the optimisation of 

diesel engine combustion has been continuously pursued to improve the engine 

performance ever since the first generation of engines. 

2.2.2 Pollutant Formation in Diesel Engines 

Due to the heterogeneous nature of the fuel-air mixture, diesel engine combustion is by 

all means incomplete. The combustion generated exhausts are very complex, which 

contain hundreds of substances in various phases, with their concentrations dependent 

on fuel properties, engine designs and operating parameters (Corro, 2002). The 
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dominant pollutants emitted from diesel engines are particulate matters (PM) or smoke, 

carbon monoxide (CO), unburned hydrocarbons (UHC) and oxides of nitrogen (NOx), 

which have been legally restricted by emission standards in many countries (Knecht, 

2008). Besides, the unregulated pollutants such as polycyclic aromatic hydrocarbons 

(PAH), soluble organic fractions (SOF), dioxins, aldehydes and ketones, have also 

provoked increasing concerns due to their high carcinogenicities and mutagenicities 

(IARC, 1989, Neeft et al, 1996, Broday and Rosenzweig, 2011). Over the years, there 

have been numerous reviews discussing the formations of engine exhausts and their 

impacts on human health and the environment (Kittelson, 1998, Lloyd and Cackette, 

2001, Corro, 2002, Johnson, 2006, Knecht, 2008, Hai, 2011).  

 

Overall, due to the unique fuel-lean combustion nature, diesel engines produce lower 

concentrations of CO and UHC, on the other hand, higher NOx and PM emissions in 

comparison to those of SI engines (Neeft et al, 1996, Maricq, 2007). Another 

characteristic of diesel engine emissions is the well-known trade off effect between 

NOx and PM. NOx formation is directly related to the combustion temperature, 

however, PM emissions can be reduced by higher fuel combustion efficiencies 

associated with higher combustion temperature which in turn can lead to high NOx 

(Abdel-Rahman, 1998). A brief overview is presented in the following sections to 

summarise the formation mechanisms and the properties of major pollutants from diesel 

engines, with specific interest focused on the particulate matters. 

2.2.2.1 CO and UHC 

CO and UHC are incomplete combustion products from diesel engines and their 

formations are mainly controlled by the air-fuel equivalence ratio in the non-uniform 

flame zones, where the fuel-rich mixture leads to high CO formation and a locally fuel-

lean combustion causes more UHC (Heywood, 1988). During diesel engine combustion, 

CO formation is also attributed to the insufficient reaction time and oxygen deficiency. 

UHC is mainly formed by the quenching effect when the fuel reaches cylinder walls or 

piston surfaces. Another factor affecting UHC emissions is the late injection of fuel 

when the in-cylinder temperature and pressure are not high enough for a complete 

combustion (Nuszkowski, 2008). 
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A major contribution to the understanding of diesel pollutant formations was made by 

Dec (1997) and Flynn et al (1999), who proposed an conceptual model to describe the 

thermal and chemical reactions inside the fuel plume. As described in Figure 2-4, the 

cold fuel is injected into the hot air environment in the engine cylinder and produces a 

cone-shaped spray, which forms a quasi-steady phase of combustion. Inside the burning 

plume, there are fuel/air mixtures in a wide range of equivalence ratios. Some of the 

fuel fragments have mixed slowly and formed locally overrich fuel-air mixtures, while 

some have mixed rapidly to reach locally overlean fuel-air ratios, providing the 

appropriate conditions for CO and UHC formations. As the mixture approaches to the 

surface of the plume, a thin diffusion flame is formed where the temperature is higher 

and these unburned and partially burned gases can be further oxidised when oxygen is 

available, converting to the complete combustion products (CO2 and H2O vapour). 

 

 
Figure 2-4 The pollutant formations in fuel combustion process (Flynn et al, 1999) 

2.2.2.2 NOx 

NOx in diesel exhausts consist primarily of nitric oxide (NO) and nitrogen dioxide 

(NO2), with NO being the dominant, typically at >90% of the two (Heywood, 1988). It 

has been established that a major portion of the total NOx is contributed by the thermal 

NOx formation process and described by the well-known extended Zeldovich 

mechanism (Heywood, 1988). In diesel engines, NOx levels are primarily related to the 

combustion temperature, where the higher the in-cylinder flame temperature, the higher 

the rate of NOx formation. As shown in Figure 2-4, the reactions accounting for the 

NOx formation is initiated at the interface of the diffusion flames where local 

temperatures are very high (Flynn et al, 1999). NOx emissions can cause serious 

respiratory problems and photochemical smog, therefore the post-combustion treatment 
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techniques have been continuously pursued to reduce the NOx emissions from diesel 

engines (Zheng et al, 2004). 

2.2.2.3 PM 

As the most visually noticeable pollutants, particulate matters (PM) or smoke emissions 

from diesel engines are typically severe and subject to stringent regulations world-

widely, due to the increasing concerns on their adverse impacts in human health and the 

environment. It has been established in many toxicological and epidemiological reports 

that these fine particles (PM10, PM2.5) have induced human cancer and respiratory 

problems, and largely contributed to the pollution of air, water and soil (Hayano et al, 

1985, Neeft et al, 1996, Berube et al, 1999, Burtscher, 2005, Riedl and Diaz-Sanchez, 

2005, Alessandrini et al, 2006, Broday and Rosenzweig, 2011).  

Particle Composition and Size 

Diesel PM is a complex mixture mainly composed of solid carbonaceous soot particles, 

with trace amounts of volatile or soluble organic compounds (including volatile UHC, 

SOF, PAH), metals and sulphates condensed or adsorbed on the surface (Maricq, 2007, 

Hai, 2011). Figure 2-5 shows a schematic of diesel PM with vapour compounds 

associated. The composition of diesel PM varies greatly depending on the engine types, 

operational conditions and sample collection techniques. 

 

 
Figure 2-5 Schematic of diesel particulate matters 

 

A lognormal size distribution of diesel PM was reported by Kittelson (1998) and 

illustrated in Figure 2-6. The particles were categorised into three modes based on their 

diameters. In number-weighted size distribution, more than 90% of the particles emitted 
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from a diesel engine are contained in the nuclei mode (5~50nm diameter range). These 

are nanoparticles consisting of solid carbon, volatile organics and sulphur compounds. 

However, the particles in mass display a tri-modal distribution, with the majority 

located in the accumulation mode (100~300nm diameter range). This mode generally 

contains the carbonaceous soot aggregates with hydrocarbons adsorbed. 5~20% of the 

particle mass is found in the coarse mode, which mainly consists of the re-entrained 

agglomerated particles from the accumulation mode (Stratakis, 2004). 

 

 
Figure 2-6 Schematic of diesel PM size distribution (Kittelson, 1998) 

Particle Formation 

Typical diesel PM are agglomerates of spherical primary particles (as shown in Figure 

2-5), which are alternatively named as soot. The term of soot particles will be used in 

the following contents of the thesis to best describe the solid particles in the exhausts. In 

diesel engine combustion, soot occurs in the high temperature, locally fuel-rich reaction 

zones (as the interior region of the diffusion flame shown in Figure 2-4). The formation 

of soot is a process of the gas-phase hydrocarbon fuel converting to solid carbonaceous 

particles, which is a complicated phenomenon and requires continuous studies via 

experiments and mathematical models (Kennedy, 1997, Hall-Roberts et al, 2000, 

Mosbach et al, 2009).  

 

The fundamental steps in diesel soot formations have been periodically reviewed in the 

literature over decades (Smith, 1981, Glassman, 1988, Neeft et al, 1996, Stanmore et al, 

2001, Mansurov, 2005, Tree and Svensson, 2007, Wang, 2011). Smith (1981) provided 

an early review on the individual steps involved in the formation of diesel soot particles 
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both in flames and engine applications. Kennedy (1997) extensively reviewed the 

empirical, semi-empirical and detailed modelling works that had been done to 

understand the chemistry and physics involved in soot formation processes. A rather 

practical review on the influences of engine designs, running parameters and fuel 

compositions in soot formations in diesel engine systems are published by Tree and 

Svensson (2007) and recently by Wang (2011). Although the phenomenology and 

kinetics of soot formation are far from being fully understood, it is believed that the 

following fundamental stages are encompassed in the soot formation and oxidation 

processes, as the schematic shown in Figure 2-7: 

 

 
Figure 2-7 A schematic of the soot particle formation processes 

 

Pyrolysis: during pyrolysis, the gas-phase hydrocarbon molecules break down into 

smaller species, particularly acetylene and its higher analogues (C2nH2), which are the 

major soot precursors. Fuel pyrolysis is achieved by free radical mechanisms and the 

reaction rates can be accelerated by •O, O2 and •OH (Smith, 1981). The isomerisation 

of C2 and C4 species forms the polycyclic structures (PAH) which are the building 
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gas-phase soot precursors. These soot nuclei have diameters of 1~2nm and consist of 

large PAH molecules with graphitic structures. According to Glassman (1988), the 

formation rate of the initial aromatic rings controls the rate of soot nucleation and 
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aromatic molecules (Hall-Roberts et al, 2000). These nuclei particles have limited 

influence on the total soot mass but provide reactive sites for particle growth. 

Surface growth & coagulation: surface growth is a process of adding gas-phase 

acetylene and polyacetylene molecules to the hot reactive surface of the soot nuclei to 

increase particle mass, while the number of particles remains unchanged in this stage 

(Heywood, 1988). During this process, soot nuclei grow from 1~2nm to 10~30nm and 

the H/C ratio decreases due to the dehydrogenation reactions (Smith, 1981). The rate of 

surface growth depends on the number of nuclei presented in the reaction zone. The 

coagulation process occurs simultaneously, in which small soot nuclei collide and 

coalesce to form larger spherical primary soot particles.  

Aggregation: during this process, the spherical primary particles (~30nm) agglomerate 

together to form long chain-like aggregates with diameters up to several hundreds of 

nanometres. These aggregates have fractal dimensions and may further clot to form 

large agglomerates. 

Oxidation: soot oxidation is a competing process with soot formation and lowers the 

tail-pipe soot emissions. In diffusion flames, oxidation of the soot occurs subsequently 

to the formation process. During soot oxidation, the PAHs and soot particles are 

converted to CO and CO2 through radical reactions. This process is determined by the 

temperature, time and concentrations of the oxidising species (•O, O2 •OH, CO2 and 

H2O). It is claimed that more than half of the initially formed soot particles is 

subsequently oxidised (Neeft et al, 1996). 

 

The time scale for the soot formation and oxidation processes is in the order of 

milliseconds. The soot particles generated then experience a temperature drop in the 

exhaust tail-pipe, where hydrocarbons with low vapour pressure, sulphur compounds 

and other species will condense on their surfaces, making soot a complex mixture. In 

diesel engine systems, soot emission can also be viewed as an indication of poor 

combustion efficiency. The actual formation process of soot is associated with many 

factors, such as fuel composition, engine design (chamber shape, air supply, injection 

timing), and engine operating and environmental conditions. An attempt is made to 

further review the properties and the characterisation techniques of these soot particles 

in Section 2.4.3.  
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2.2.3 Advanced Techniques for Emission Control in Diesel Engines 

To meet the upcoming stringent emission regulations, considerable achievements on 

controlling diesel pollutant emissions, especially NOx and PM, have been made in the 

past decades. There are a number of advanced techniques available which can be 

primarily categorised into four directions: engine modifications, post-combustion 

treatment techniques, diesel fuel reformulations and additives. This section briefly 

reviews several promising techniques in each category with more emphases placed on 

biodiesel and the fuel combustion catalysts, which are related to this very thesis work. 

2.2.3.1 Modification of Engine Design 

The configuration of a diesel engine strongly impacts the combustion process and to a 

significant extent determines the pollutant emissions and the fuel consumptions. 

Modifications to the combustion chamber geometry, location of the inlet swirl and 

compression ratios can improve the formation of fuel-air mixture and maximise the fuel 

efficiency (Neeft et al, 1996, Lloyd and Cackette, 2001, Knecht, 2008). Injection timing 

retardation is an effective strategy to control NOx emissions by which the peak flame 

temperature can be reduced. However, low temperature leads to incomplete combustion, 

resulting in higher fuel consumption rates and an increase in PM, UHC and CO 

emissions. Typically, the efficiency loss can be regained by adopting a higher injection 

pressure and compression ratio. Simultaneous reduction of NOx and PM is a 

complicated task. In modern diesel engines, electronic injection control is applied to 

allow flexibility in the options of settings for fuel injection, thus the fuel combustion 

efficiency can be largely optimised (Abdel-Rahman, 1998, Hillion et al, 2009). 

2.2.3.2 Development of post-combustion treatment Device 

A wide range of post-combustion treatment devices has been developed with the ability 

to reduce the pollutants in diesel engine exhausts down to the legislation targeted levels 

(Neeft et al, 1996, Lloyd and Cackette, 2001, Maricq, 2007, Agarwal et al, 2011). 

Diesel particulate filter is a straightforward method to control PM emissions by 

mechanically trapping the exhausts. To prevent the pressure build-up, the filter has to be 

regularly regenerated to remove the accumulated soot particles and restore its capacity 

of soot capture. Recently, the implementation of fuel-borne catalysts can substantially 

reduce the soot ignition temperature and effectively protect the filter material during the 
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regeneration (van Setten et al, 2001, Song et al, 2006b, Lee et al, 2010). Exhaust gas 

recirculation (EGR) is an effective strategy for reducing the NOx emissions from diesel 

engines. It lowers the in-cylinder oxygen concentration and peak flame temperature by 

recirculating a portion of the exhaust gas back into the combustion chamber, thus 

inhibits NOx formation (Zheng et al, 2004, Knecht, 2008, Agarwal et al, 2011). 

However, the post-combustion treatment techniques are limited by the trade-off effect 

between NOx and PM, where strategies to reduce one pollutant may result in an 

increase in the other. Meanwhile, a common problem of these systems is their unproven 

durability and additional investment, operation and maintenance costs. 

2.2.3.3 Diesel Fuel Reformulation 

Controlling of the regulated diesel pollutant emissions can also be achieved by 

modifying diesel fuel formulations, as demonstrated in a number of studies (Neeft et al, 

1996, Corro, 2002, Tan et al, 2009, Park et al, 2011). The organic sulphur components 

in diesel fuel directly affect the PM mass emissions and size distributions (Corro, 2002, 

Tan et al, 2009). Fuel sulphur also significantly affects the efficiency of the post-

combustion treatment devices installed in the exhaust system, such as the diesel 

particulate filter, selective catalytic reduction of NOx, lean NOx trap system and so on. 

Therefore, the sulphur content in diesel has been increasingly restricted by ever more 

stringent fuel regulations. The maximum sulphur contents of 1.0% by weight were 

established for Grades No.1 and No.2 diesel fuels in the 1980s (ASTM, 1982). In 

Australia, the guiding standard for diesel fuel quality was originally adopted in the year 

2002 (Fuel Quality Standards Act, 2002), which specified the maximum sulphur 

contents of 500ppm for automotive diesel fuels. In 2009, an ultra-low sulphur diesel 

(ULSD) program is launched by the Australian government, which regulates the diesel 

fuel produced for on-road vehicles must be ULSD with a maximum sulphur content of 

10ppm (Fuel Standard, 2009). These changes paralleled the fuel quality standards in 

other countries worldwide to reduce the gaseous SO2/SO3 and particulate sulphate 

emissions from diesel engines. 

 

Studies have also shown that increasing the oxygen content in diesel fuel can effectively 

reduce PM, CO and UHC emissions from diesel engines. So far, there is a variety of 

oxygenated compounds in the literature which are normally blended in diesel fuel at the 

ratio of 5~20% with low emissions from engine bench tests, including methanol (Sayin 
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et al, 2009), ethanol (Chen et al, 2007, Park et al, 2011), dimethyl carbonate (DMC) 

(Zhang et al, 2005), dimethyl ether (DME) (Park et al, 2010), dimethoxymethane 

(DMM) (Ren et al, 2005), 2-methoxyethyl acetate (MEA) (Gong et al, 2007) and 

diglyme (Di et al, 2010). 

 

Table 2-1 Comparison of the fuel properties reported in the literature (Lapuerta et al, 

2008) 

 
Viscosity 

(@40°C, cSt) 
Density 

(@15°C, kg/m3) 

Flash 
point 
(°C) 

Cetane 
No. 

Heating 
value 

(MJ/kg) 
Diesel 2~3.5 810~860 60~72 40~55 4.5~44 

Biodiesel 3.5~5.5 870~895 84~185 45~65 36.5~38 
 

It is worth mentioning that, as a biodegradable, oxygenated, aromatic and sulphur-free 

alternative fuel, biodiesel has been extensively studied for its direct application in diesel 

engines. Biodiesel is a mixture of mono-alkyl esters of fatty acids derived from a wide 

range of vegetable oils and animal fats, and can be used neat or in blends with 

conventional petroleum diesel (Rady et al, 2004, Agarwal and Rajamanoharan, 2009, 

Behcet, 2011). From the literature data (Lapuerta et al, 2008) shown in Table 2-1, 

biodiesel generally possesses a higher viscosity, density, flash point, Cetane number and 

a lower calorific value than conventional diesel. These specific chemical and physical 

properties of biodiesel can ultimately affect the combustion efficiency and emission 

characteristics when used in diesel engines. There is a wide consensus in the literature 

reports (Neeft et al, 1996, Lapuerta et al, 2008, Xue et al, 2011) that neat/blended 

biodiesel combustion tends to reduce CO, UHC and PM emissions at the penalty of 

slightly elevated NOx and fuel consumption. However, various contradictory findings 

such as unchanged/increased PM, UHC and decreased NOx have also been reported 

(Lapuerta et al, 2008, Benjumea et al, 2011). These conflicted observations are 

considered to be a consequence of the disparity in fuel chemical compositions and the 

variability in experimental engine conditions. 

2.2.3.4 Diesel Fuel Additive 

Emission control strategies by engine modifications and post-combustion treatment 

devices normally take longer to fully implement due to the slow fleet turnover time, 

while reformulated diesel or alternative biodiesel fuels require additional refinery costs 
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as well as further investigations on their running stabilities in on-road uses. The addition 

of diesel fuel additives has been proved to be an efficient and cost-effective approach to 

improve the combustion performance and the cleanliness of diesel engines (Neeft et al, 

1996, Keskin et al, 2011). 

 

Typically, the many kinds of reported diesel fuel additives can be divided into two 

groups. The additives that function through modifying fuel physical properties fall into 

the first group, which includes Cetane number enhancer, lubricity improver, pour point 

depressant, detergent and anti-corrosion additives (Ladommatos et al, 1996, Soldi et al, 

2007, Souza de Carvalho et al, 2010). The benefits of adding these additives to diesel 

fuel is usually directed towards improving fuel ignition quality, reducing deposit 

formation, and keeping the injector clean.  

 

Another group of fuel additives are rather called combustion catalysts, as they normally 

act as catalytic agents to modify the combustion process and achieve fuel savings and 

emission reductions without significant alterations in fuel properties (Parsons and 

Germane, 1983, Caton et al, 1991, Yang et al, 1998, May and Hirs, 2005, Zhang, 2009). 

These catalysts are generally metal-based compounds, which consist of a metallic 

component as the active ingredient to promote hydrocarbon fuel combustion and an 

organic component or composite organic solvent system to make the catalyst oil-soluble, 

thus the term homogenous combustion catalysts (HCCs). In application, HCCs are used 

in ultra-low dosage scales (part per million, ppm) and can be homogeneously dissolved 

in liquid hydrocarbons such as diesel without phase separation. Valentine et al (2000) 

reported the use of a bimetallic Pt/Ce catalyst at 4~8 ppm dosages on a diesel engine 

and achieved 5~7% improvement in fuel economy, 10~25% reduction in PM together 

with 10~30% reductions in UHC and CO emissions. May and Hirs (2005) reported an 

organometallic combustion catalyst containing 50ppm Fe and 10ppm Mg which 

significantly suppressed 50% PM emission from diesel engine combustion. 

 

A variety of HCCs have been continuously developed over time and their substantial 

benefits in fuel consumptions and emission reductions are attracting researchers’ major 

interests, which also motivates the present thesis work. The following will solely 

contribute to review the current knowledge status of the HCCs with a thorough 

discussion on their underlying mechanisms in promoting the combustion processes. 
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2.3 Homogeneous Combustion Catalysts (HCCs) 

HCCs are a group of metallic compounds which strategically should meet these basic 

criteria: (1) the catalyst must be readily dissolvable when added to hydrocarbon fuel and 

chemically stable during storage or in on-vehicle use (i.e. over long time and high 

temperature, in the presence of small amounts of water and other additives in fuel 

compositions); (2) the use of the catalyst should not deteriorate the fuel delivery line, 

engine parts and other devices installed in the exhaust system; (3) it should be highly 

active so that tiny amount of HCCs is sufficient to promote the hydrocarbon combustion 

and reduce the pollutant emissions with minimal effects on engine operating parameters; 

(4) the use of the catalyst should not introduce new harmful substances to life or the 

environment; (5) in light of its manufacturing efficacy and storage stability, the 

formulated HCCs should be commercially cost-effective, less-corrosive, low toxic, and 

substantially free from undesirable impurities (Haycock and Thatcher, 2004). Following 

these criteria, there is a fairly large range of metals that have been used to formulate 

HCCs. 

2.3.1 Types of HCCs  

In 1972, Salooja (1972) discovered that the combustion flame can be strongly catalysed 

by metals and metallic compounds provided they are introduced into the flame zones 

and published their initial findings in Nature, which seems to be the very first attempt 

on this simple and inexpensive method for combustion control. To date, there has been a 

wide variety of HCCs documented in the literature with effectiveness in promoting the 

hydrocarbon fuel combustion processes in different systems. Table 2-2 has summarised 

the most typical HCCs published in recent years. It is worth mentioning that some of the 

HCCs (e.g. Pt, Ce, Fe/Sr) can be used in conjunction with diesel particulate filters (DPF) 

to help lower the PM oxidation temperature and thus facilitate the regeneration process 

of DPFs (Valentine et al, 2000, Song et al, 2006b, Okuda et al, 2009). 
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Table 2-2 Typical metal-based homogenous combustion catalysts (HCCs) in the literature reports 

 Metals Organometallic compounds References 

Alkali metals 
Na  Vincent et al (1998); Lissianski et al (2001b) 
K  Nejar et al (2005); An and McGinn (2006) 

Alkaline earth metals 

Mg  Lyyranen et al (2002); Chlopek et al (2005); Keskin et al (2011); 
Ca Calcium naphthenate, Calcium acetate Wong (1988); Witzel et al (1995); Guru et al (2002) 
Sr Fe/Sr bimetallic Cook and Richards (2002); Song et al (2006b) 
Ba Barium naphthenate Wong (1988); Neeft et al (1996) 

Transition metals 

Mn  Yang et al (1998); Marsh et al (2007); 

Fe 
Iron pentacarbonyl, Ferrocene, 

Iron naphthenate, Ferric acetylacetonate 
Ferrous picrate, Iron Chloride 

Shayeson (1967); Parsons and Germane (1983); Wong (1988); 
Zeller and Westphal (1992); Rising (1998); Kasper et al (1999); 

Lissianski et al (2001a); Skillas et al (2000); May and Hirs (2005); 
Lee et al (2006a); Kim et al (2008); Zhang (2009); Kannan et al (2011) 

Mo  Guru et al (2008) 
Ni Nickel naphthenate Keskin et al (2007); Tang et al (2009) 
Cu Copper carbxylate Jelles et al (2001); Guru et al (2002) 
Ru Ruthenocene Marsh et al (2007) 
Rh  Lin (2002) 
Pt Pt/Ce bimetallic Caton et al (1991); Valentine et al (2000); Okuda et al (2009) 
Ag  Tang et al (2009) 

Rare earth metals Ce  
Witzel et al (1995); Burtscher et al (1999); Skillas et al (2000); 

Jung et al (2005); Sergio Roberto Amaral et al (2008) 

23 



Chapter 2 

Of all the metals reported with catalytic effects on the combustion of hydrocarbons, iron 

is one of the best choices because it is most effective and relatively cheaper than others. 

Furthermore, prior studies have shown that the application of iron-based HCCs has 

minimal adverse effects to the environment (Maricq, 2007, Cho et al, 2009). Ever since 

Shayeson (1967) detected the smoke reduction from a jet engine by applying iron-based 

catalysts, various laboratory and modelling studies have been carried out to explore the 

effect of iron in premixed (Linteris et al, 2000, Hirasawa et al, 2004) or diffusion flames 

(Bonczyk, 1991, Zhang and Megaridis, 1994, Kim et al, 2008), drop tube furnaces (May 

and Hirs, 2005, Marsh et al, 2007), boilers (Witzel et al, 1995, Lissianski et al, 2001a) 

and reciprocating engines (Parsons and Germane, 1983, Zeller and Westphal, 1992, 

Song et al, 2006b, Zhang, 2009). The primary interest in the current thesis work is a 

novel ferrous picrate-based combustion catalyst which will be introduced in details in 

the following. 

2.3.2 Formulations of HCCs 

The formulation of HCCs is crucial to assure the stability and solubility of the 

catalyst/fuel mixture. As can be seen from Table 2-2, most of the HCCs contain organic 

ligands in their molecular compositions, which act as carriers to homogeneously 

introduce the metallic part into the liquid hydrocarbon fuel. Furthermore, the organic 

portion plays an important role in the vaporisation and decomposition chemistry of the 

HCCs, which may subsequently influence the extent of the incorporation of meals 

during the fuel droplet combustion and soot formation processes (Wong, 1988, Marsh et 

al, 2007).  

 

Ferrous picrate (Phenol 2,4,6-trinitro-, iron(2+) salt), as studied in this thesis work, is 

the active ingredient of a proprietary combustion catalyst manufactured and marketed 

by Fuel Technology Pty Ltd in Western Australia, with the commercial name of FPC. 

The catalyst is essentially produced from the reaction of picric acid (2,4,6-trinitrophenol) 

and iron, as the chemical equation shown in below (Guld, 1985): 

 

 (2-2) 

OFeO2

OH
NO2O2N

NO2

+ Fe
NO2

O2N

O2N NO2

NO2

O2N

+   H2

Picric acid Ferrous picrate
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Picric acid has been primarily used as an intermediate in dyeing industry and as an 

explosive (Nipper et al, 2004). In its molecular structure, the presence of three electron 

withdrawing nitro- groups makes it a good π-acceptor for neutral carrier molecules. Dry 

picric acid appears as a yellow needle and is highly sensitive to heat, shock and friction, 

so water is normally added as a desensitiser. Picric acid possesses a high reactivity in 

the presence of metals, metal salts, bases, amines and concretes to readily form picrate 

salts, some of which are even more reactive and sensitive than the parent acid (Akiyoshi 

et al, 2006, Zhang, 2009).  

 

To be added into the liquid hydrocarbon fuel, the ferrous picrate needs to be dissolved 

in a suitable organic solvent system which is compatible with both the catalyst 

components and the hydrocarbon molecules. Such solvents include toluene, xylene, 

aromatic petroleum fractions, methanol, ethanol, isopropanol, butanol, pentanol, octanol 

and mixtures (Riegel, 1999, Stewart, 2005, Elliott, 2008). Alcohols can mutually 

dissolve polar components such as ferrous picrate and non-polar components such as 

organic solvents and the hydrocarbon fuel. The aromatics are necessary additives that 

help improve the stability of the ferrous picrate-water-alcohol-diesel solution. In its 

latest invention, the manufacturing finished FPC is dark green-coloured solution which 

contains ferrous picrate, n-butanol (approx. 12%), a complex mixture of short-chain 

(C2-C4) alkyl benzenes (approx. 87%) and small amount of picric acid as the stabiliser 

(Zhang, 2009). 

 

Another major iron-based HCCs is ferrocene, which is a commercial product distributed 

by SFC International Inc. in the US and commonly used in conjunction with diesel 

particulate filters to assist their regeneration processes (Du et al, 1998, Miller et al, 

2007). Ferrocene is a molecule with single iron atom between two quasi-aromatic 

cyclopentadienyl rings. As found in the literature (Zeller and Westphal, 1992, Du et al, 

1998, May and Hirs, 2005, Lee et al, 2006a), ferrocene can be directly added to diesel 

in solid form or in a solvent solution. Using the solid form of ferrocene favours the 

product handling and on-board vehicle dosage, which on the other hand compromises 

its catalytic activity during diesel combustion. The choice of solvent or solvent systems 

is of great importance to maintain the catalyst performance. The solubility 

characteristics of ferrocene in organic solvents have been extensively studied by De 

Fina et al (2001) and subsequently by May (2009), who have covered a large body of 
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aliphatic and aromatic compounds such as benzene, toluene, xylene, alcohols, esters, 

ketones and organic sulphur containing compounds. 

 

As far as the fundamental chemistry goes, there is still substantial room for 

improvement in the manufacturing of the HCCs, which in their current formulations 

contain potentially hazardous ingredients and suffer from possible catalyst degradations 

over time (Zhang, 2009). Additionally, simplified catalyst production processes are 

pursued by the manufacturers who continuously attempt to minimise the time and 

energy inputs (Elliott, 2008). Thus, an ongoing need exists for the developments of new 

catalyst formulations and commercially attractive manufacturing procedures in terms of 

the commercial efficiency, product non-toxicity and storage stability. 

2.4 Performance of HCCs in Diesel Engine Combustion 

2.4.1 Effect of HCCs on Fuel Property 

Fuel properties have significant influences on engine combustion characteristics and 

pollutant emissions. These properties mainly refer to fuel density, viscosity, volatility, 

flash point, pour point, Cetane number(Li et al, 2005, Nuszkowski, 2008). Fuel density 

affects the engine combustion process in a physical manner where higher density fuels 

contain higher volumetric energy content and can produce more power than that of 

lower density fuels. Fuel viscosity primarily affects the injection system and fuel spray 

pattern which subsequently influence the exhausts formation (Souza de Carvalho et al, 

2010). Volatility is represented by the distillation temperature and indicates the 

combustibility of the fuel. Flash point of a fuel is of importance for safety storage under 

ambient conditions, which is defined as the temperature at which the fuel vapour can be 

ignited upon the application of an ignition source (Newlin, 2009). Pour point reflects the 

flow property of a fuel in low temperature environments and corresponds to the lowest 

temperature at which a liquid fuel flows. Cetane number contributes to express the 

ignition quality of a fuel during diesel engine combustion, where a high Cetane fuel 

tends to have a shorter ignition delay and lower in-cylinder temperature with less NOx 

formed (Lu et al, 2004). These fuel properties are interdependent parameters and vary 

vigorously depending on the actual fuel compositions. 
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Typically, HCCs are added to fuel at dosages ranging from several ppm to a few 

hundreds ppm, which is a concentration too low to incur any changes in fuel properties. 

In fact, unchanged fuel properties have been observed by many studies with the 

application of Mn, Mg, Fe, Pt and Ce based HCCs (Yang et al, 1998, Valentine et al, 

2000, Jelles et al, 2001, Jung et al, 2005, Song et al, 2006b, Marsh et al, 2007, Okuda et 

al, 2009). However, there are some studies showing contradicting results that even trace 

amount of HCCs can affect certain fuel properties. Guru and his group members (Guru 

et al, 2002, Keskin et al, 2007, Guru et al, 2008, Keskin et al, 2011) have been 

continuously reporting a slightly reduced pour point, flash point and viscosity of both 

diesel and biodiesel fuel by the addition of Mn, Mg, Cu, Ca, Mo based HCCs in 8~16 

µmol/L dosages. Sajith et al (2010) reported that the flash point and viscosity of 

biodiesel fuel were progressively increased through the addition of a nano-sized CeO2 

catalyst (20~80ppm dosage), which may pose potential threats to the fuel injection and 

atomisation systems and thus requires an optimisation of the catalyst dosing levels. 

 

In summary, it remains a controversial issue that whether the addition of HCCs will 

affect the fuel properties, and in practice this needs to be carefully attended prior to the 

evaluation of the effects of HCCs on engine performances. 

2.4.2 Effect of HCCs on Engine Efficiency and Overall Pollutant Emission 

This subsection reviews the literature on the effectiveness of the HCCs in improving the 

fuel economy and reducing the overall pollutant emissions from diesel engines, with a 

particular emphasis on identifying the current knowledge status of the engine 

performances of the ferrous picrate based combustion catalyst. 

2.4.2.1 Engine Performance Fuelled with Diesel 

Other Metal-based HCCs 

As summarised in Table 2-3, earlier work have shown improvements on the fuel 

economy and emission reductions from diesel engines by the application of Pt and Ce 

based HCCs. Caton et al (1991) investigated a Pt based catalyst using single cylinder 

engine and found the brake specific fuel consumption (BSFC) was reduced by 2~9% 

over the experimental conditions. Reductions in CO and UHC were achieved in the 

range of 27~61%, with no significant change in NOx and PM. In their study, Caton also 
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found that the fuel economy improvement built up over time and had a strong residual 

effect when the catalyst was no longer added. Valentine et al (2000) commented that the 

cumulative effect of the Pt based catalyst on fuel saving was attributed to a build-up of 

Pt on the engine cylinder, piston and valves. In Valentine’s work, a Pt/Ce bimetallic 

HCCs was added to diesel at the ratio of 4~8ppm and an average of 6% fuel saving was 

achieved with reductions up to 25% in PM and 10~30% in CO and UHC. Jelles et al 

(2001) further investigated the efficacy of Pt/Ce HCCs in assisting soot oxidation 

during the regeneration of diesel particulate filters (DPF), and found a continuous 

regeneration at low temperatures from 300~320°C using only 5ppm Ce and 0.5ppm Pt. 

It was also identified by Jelles and co-workers that up to 20% reduction in NOx 

emission was simultaneously achieved during the soot oxidation process in DPF. The 

authors proposed that Pt accumulated on the DPF and catalysed the oxidation of NO in 

the exhaust to NO2, whereas Ce catalysed the oxidation of soot with NO2 (as an oxygen 

carrying intermediate). While oxidising soot, NO2 was reduced to NO and N2, resulting 

in a subsequent reduction in NOx. This soot oxidation cycle has been continuously 

studied to achieve the simultaneous removal of soot and NOx over the Pt/Ce-based 

catalysts (Pisarello et al, 2002, Setiabudi et al, 2003, Castoldi et al, 2006, Azambre et al, 

2011).  

 

The effect of a Mg-based HCCs on engine performance has been studied by Chlopek et 

al (2005) using a Box-Behnken mathematical model which showed a maximum 

reduction of 70% in PM and 20% in UHC emissions. Then Keskin et al (2011) applied 

the Mn and Mg based HCCs at the ratio of 8~16µmol/L on a single cylinder, direct 

injection diesel engine. Results showed 1~3% fuel savings and up to 16% and 30% 

reductions in CO and smoke emissions respectively. NOx was found to increase by 

approx. 10% which according to the authors was attributed to an enhanced combustion 

process in the presence of metal-based catalysts. Meanwhile, it was also observed that 

the catalysts led to shorter ignition delay periods and higher heat release rates with 

improved engine efficiencies. The Mn-based HCCs is also shown to be effective in 

reducing the PAH fractions (gas and particle phase) in diesel exhausts by up to 37.2%, 

which has been documented in the work of Yang et al (1998). 
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Iron-based HCCs 

For Fe-based HCCs, Zeller (Zeller and Westphal, 1992) is one of the pioneers who 

conducted laboratory tests on ferrocene and ferrous picrate to evaluate their potentials in 

reducing the pollutant emissions from the engines typically used in mines. Transient-

cycle tests showed the ferrocene was capable of reducing 37% PM after a conditioning 

period of 244h, with NOx emission being elevated by 12%. However, it was also 

reported that the ferrous picrate catalyst showed no observable effect in reducing the 

pollutant emissions during the tests. The authors attributed the observations to a short 

running time and that the engine used for testing ferrous picrate had already been 

optimised at its maximum power output. Earlier than Zeller’s work, Parsons and 

Germane (1983) had explored the effect of ferrous picrate as a combustion catalyst to 

attain improvements in fuel combustion process. Results from the steady-state 

laboratory tests on an 8-cyclinder diesel engine showed a reduction of up to 11.6% in 

BSFC and 17% in CO. However, the reductions on NOx and UHC varied a lot during 

the tests and were statistically at a low confidence level. 

 

More tests on ferrous picrate as the commercial product of FPC can be found in a large 

body of technical reports and thesis works, some of which is listed in Table 2-3. Carlson 

(1982) has tested the performance of FPC with an on-road diesel vehicle simulating the 

urban driving cycles and found the fuel economy was improved by 2.5~7.9% with CO 

and UHC reduced by up to 25.9% and 8.2%, while a maximum of 8% increase in NOx 

emissions was also observed. In Guld’s thesis work (Guld, 1985), 30 individual test 

runs were carried out on the FPC treated fuel to investigate the catalytic effect on fuel 

savings versus to a set of controlled parameters including engine speed, throttle setting, 

fuel injection timing and catalyst dosage level. Results showed the gained fuel savings 

(1~4%) varied with different engine settings, indicating that the engine models in their 

specific configurations responded differently to the ferrous picrate catalyst. However, 

the effect of the catalyst on engine emissions was not touched by Guld. 
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Table 2-3 Summary of the effectiveness of various HCCs on fuel economies and emission reductions 

HCCs Dosage Fuel economy 
Emission reductions Reference 

CO UHC NOx PM/ Smoke  
Pt  2~9% 27~61% Unchanged Caton et al (1991) 

Pt/Ce bimetallic 4~8ppm 6% 10~30% Unchanged 25% Valentine et al (2000) 
Pt/Ce bimetallic 5ppm   20%  Jelles et al (2001) 

Mg based <500ppm   20%  70% Chlopek et al (2005) 
Mn based 
Mg based 

8~16 µmol/L 
2.2~3.1% 

1~2% 
16.4% 
13.4% 

N/A 
-10% 

(approx.) 
29.8% 
17.9% 

Keskin et al (2011) 

Mn based 400ppm  37.2% PAH reduction Yang et al (1998) 
Ferrocene 700ppm    -12% 37% Zeller and Westphal (1992) 

Ferrous picrate  6.6~11.6% 9~17% -22~24% 3~-6.6% N/A Parsons and Germane (1983) 
FPC catalyst 625ppm 2.5~7.9% 8.1~25.9% 1.3~8.2% -2~-8% N/A Carlson (1982) 

FPC catalyst 
500~833ppm 

(11~147ppm Fe2+) 
1~4.1%     Guld (1985) 

FPC catalyst 200ppm 2% 14% 33% -30% 12% Petroli (1994) 

FPC catalyst 
313ppm 

(1µnol/L Fe2+) 
3~5%     Gillinder (2005) 
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An attempt was made in a Euron technical report (Petroli, 1994) to evaluate the effect of 

FPC catalyst in reducing engine emissions and fuel consumptions of a light duty truck. 

After an accumulated mileage of 5000km, the obtained benefits from the FPC addition 

included a 2% reduction in fuel consumption and the reductions in CO, UHC and PM 

by 14%, 33% and 12%, respectively. The elevation observed in NOx emission, as 

commented in the report, can be seen as “a testimony to the fact that the catalyst acts 

essentially as a combustion improver”. An investigation of the effect of FPC catalyst on 

fuel savings was documented in Gillinder’s thesis work (Gillinder, 2005), which 

detailed a series of laboratory tests using a 75kVA (new) and a 100kVA (old) generator 

engines with a load bank for power absorptions. Results of the old generator showed 

improved fuel efficiency ranging from 3~5% with the addition of the FPC, which was 

greater than that of the new one. It was further inferred by Gillinder that the catalyst 

may have a combination of cleaning effect along with a catalytic effect for improving 

the combustion efficiency. In view of the variable fuel savings claimed in laboratory 

studies and field trials with FPC catalyst, Zhang (2009) carried out a statistical analysis 

against the fuel saving potentials of the catalyst, which covered a large quantity of raw 

performance data and generally produced a ratio of 2.5% saving in the fuel consumption 

at a 97% confidence level. 

 

From the above literature data, it can be confidently concluded that the engine 

performance in terms of fuel consumptions and exhaust formations has been effectively 

reduced by the addition of trace amounts of HCCs to diesel fuel. For the ferrous picrate 

catalyst, its catalytic effect on fuel economy has been continuously studied in previous 

work. However, its potentials in reducing pollutant emissions (CO, UHC, NOx and PM) 

are reported with varied and controversial results, which deserve more thorough and 

systematic studies to attain a full assessment on the performances of the catalyst during 

diesel engine combustions. 

2.4.2.2 Engine Performance Fuelled with Biodiesel 

As mentioned in Section 2.2.3.3, biodiesel as an alternative source of transport fuels has 

attracted increasing attention, also with potential to reduce engine emissions (Lapuerta 

et al, 2008). However, biodiesel possesses some unique properties such as the extra 

oxygen contents in its molecules and the low calorific value compared to the 

conventional fossil fuel, which may result in higher specific fuel consumption and NOx 
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emissions (Xue et al, 2011). As reviewed in the literature (Basha et al, 2009, Sajith et al, 

2010, Kannan et al, 2011), further improvements in fuel efficiencies and emission 

reductions from biodiesel combustion can be achieved by the addition of metal-based 

HCCs. 

 

De Sousa et al (2009) reported an amphiphilic Ce-based complex as combustion 

catalyst for the reduction of incomplete combustion products from a diesel engine. The 

catalyst was homogeneously miscible with biodiesel fuel and generated CeO2 particles 

which efficiently promoted the combustion due to their high redox activity. It was 

observed the soot emission level from the combustion of biodiesel/diesel blends was 

significantly reduced with the use of 2~6ppm catalyst. Sajith et al (2010) directly added 

the CeO2 nanoparticles into biodiesel fuel. Under varying catalyst dosages from 

20~80ppm, a maximum increase of 1.5% in brake thermal efficiency was obtained, 

along with the reductions of 25~40% in UHC, 30% in NOx and a slight decrement in 

CO emissions. It was believed that the CeO2, being thermally stable, acted as an oxygen 

buffer to promote the fuel combustion with improvements in fuel conversion efficiency 

and sufficient NOx reduction.  

 

Keskin et al (2007) proposed an application of Mn and Ni based catalysts on tall oil 

biodiesel combustion in a single cylinder diesel engine. Results showed a reduction in 

BSFC and decreased CO and smoke emissions from the catalyst treated biodiesel 

(8~12µmol/L dosages). A slight increase in NOx emissions was also observed, which 

according to the author could be attributed to the catalytic effect in the combustion 

process associated with a temperature rise in the cylinder. Guru et al (2010) carried out 

engine tests on chicken fat-derived biodiesel fuel with the dosage of 12µmol/L Mg 

based HCCs. The catalyst reduced the pour point, flash point and viscosity of the base 

biodiesel and effectively suppressed CO and smoke emissions by 13% and 9%, while 

NOx was increased by 5%. 

 

Kannan et al (2011) investigated the effect of ferric chloride (FeCl3) on the engine 

performance of a waste cooking palm oil-derived biodiesel. At the dosage of 20µmol/L, 

the catalyst treated biodiesel showed higher cylinder pressure, higher heat release rate 

and shorter ignition delay during the engine tests. As a result of improved fuel 

combustion, a reduction of 8.6% in BSFC was achieved with the use of the catalyst, 
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while CO, UHC and smoke emissions were appreciably reduced by 52.6%, 26.6% and 

6.9%, respectively. Slight increase in NOx emission was also observed as a side effect 

of the enhanced biodiesel combustion by the catalyst.  

 

It can be understood that with the capability of improving fuel combustion and reducing 

pollutant emissions, the application of HCCs has been extended to biodiesel combustion. 

So far, there is virtually no documented study in the open resources addressing the 

beneficial effect of ferrous picrate catalyst on the combustions process of biodiesel, 

which should be reasonably covered in the present thesis work as it is a natural 

extension of the usage of the ferrous picrate catalyst for promoting hydrocarbon fuel 

combustions.  

2.4.3 Effect of HCCs on Soot Particle Characteristics 

Soot is the dominant component in diesel engine exhausts. The complex characteristics 

displayed by soot particles deserve further investigations because they are closely 

related to the fuel formulations and especially the combustion conditions under which 

these soot particles are formed. It has been reported that soot from burning oxygenates 

treated diesel or biodiesel fuel carries surface oxygen functionality and possesses higher 

degree of graphitisation, faster oxidation rate and significantly smaller primary particle 

size than those of diesel soot (Song et al, 2002, Song et al, 2006a, Lapuerta et al, 2012, 

Yehliu et al, 2012). Studies have also revealed the intrinsic correlations between soot 

properties (e.g. nanostructure, oxidative reactivity, size) and the alterations on engine 

operating parameters, such as the EGR rates, engine speed and load, air/fuel ratios and 

in-cylinder temperatures (Lee et al, 2002, Neer and Koylu, 2006, Lapuerta et al, 2007, 

Al-Qurashi and Boehman, 2008). 

 

The metal-based HCCs, which act as catalysts to promote the combustion process, have 

shown to result in significant changes on the key physical and chemical properties of 

soot particles. It was even commented by Skillas et al (2000) that the effect of HCCs 

applied to diesel engines was mainly from the perspective of particle formation. Thus, it 

is of vital importance to further review the effect of various HCCs on the soot properties 

and identify the main analytical techniques for a comprehensive characterisation of the 

soot particles. 
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2.4.3.1 Effect of HCCs on Soot Particle Size and Morphology 

Lyyränen’s group (Lyyranen et al, 1997, Lyyranen et al, 1999, Lyyranen et al, 2002) 

continuously studied the effect of Mg-based HCCs on the characteristics of soot particle 

from a six-cylinder four-stroke diesel engine. It was found that the size distributions of 

soot particles from base diesel were bimodal (0.1µm, 10µm) and the particle mass was 

significantly reduced in 10µm mode for the catalyst doped case. Under the scanning 

electron microscope (SEM) and transmission electron microscope (TEM), the primary 

soot particles appeared to be smaller when the catalyst was used, ranging from 

40~100nm. The authors also mentioned that the Mg-based HCCs enhanced soot 

oxidations in the combustion process with less agglomerated soot clusters in exhausts. 

 

Jung et al (2005) investigated the influence of Ce-based HCCs on soot emissions, and 

found that the number concentrations of soot particles in the accumulation mode (sizes 

above 100nm) were significantly reduced by 50% and 65% with 25ppm and 100ppm Ce 

addition to diesel, respectively. TEM and energy dispersive spectroscopy (EDS) 

analyses showed that fine cerium oxide nanoparticles decorated on the surfaces of the 

soot aggregates. However, a dramatic increase in the nuclei mode particles (sizes below 

50nm) was also observed. Using inductively coupled plasma-mass spectrometry (ICP-

MS), it was confirmed by Skillas et al (2000) that these fine particles in nuclei mode 

was composed mostly of cerium. 

 

Similar to the findings on the Ce-based catalyst, Lee et al (2006b) observed a bimodal 

size distribution of the soot particles when adding 20ppm and 60ppm of ferrocene to 

diesel fuel. The number of nuclei mode particles was lowered when decreasing the 

ferrocene dosage, indicating that the formation of these fine nuclei particles was 

correlated to the iron addition.  

 

Wong (1988) tested the effect of a ferric acetylacetonate catalyst in reducing the soot 

formations from a toluene burner, and reported that in addition to the decreased soot 

particles in mass, the primary particle size was much smaller than that of the soot 

collected from base fuel without catalyst addition. Song et al (2006b) reported a jagged 

morphology associated with primary soot particles rather than spherical when using Fe-

based catalyst in diesel engine. 
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It was also reported that adding Fe-based HCCs to diesel fuel has a dramatic impact on 

the chemical structure and microstructure of soot. Braun et al (2006) carried out a set of 

analyses using X-ray absorption spectroscopy and electron energy loss spectroscopy 

(TEM-EELS) on the soot sampled from diesel engine with or without ferrocene addition. 

As a result, the reference diesel soot displayed graphite-like features with strong 

aromatic C=C resonances, while soot from the ferrocene treated diesel showed less 

graphitic but pronounced aliphatic structures. Graphite was a thermodynamically stable 

form of carbon and resisted to oxidation, on the other hand, aliphatic carbon could be 

easily oxidised, and therefore a higher oxidation rate was expected for soot from the 

ferrocene treated diesel. 

2.4.3.2 Effect of HCCs on Soot Particle Oxidation Behaviour 

It has been documented that the addition of metal-based HCCs can influence the 

oxidation behaviour of the soot particles emitted. Witzel’s early work (Witzel et al, 

1995) enabled an initial study on such subject by adding Fe, Ca and Ce based catalysts 

to a commercial heavy fuel oil and using a thermogravimetric analyser (TGA) to 

analyse the reactivity of the produced cenosphere particles. It was found that the 

activation energy of the cenospheres remained unaffected in the presence of the 

catalysts, while the ignition temperature was significantly lower leading to a faster and 

longer combustion in the chamber. In Bonnefoy’s work, (Bonnefoy et al, 1994), it was 

identified that the addition of Fe and Cu based HCCs to the fuel ultimately produced 

soot particles with the oxidative reactivity 2~5 times higher than that of baseline diesel 

soot. 

 

Song et al (2006b) tested the oxidation behaviour of soot from diesel treated with an 

iron-based combustion catalyst. Compared to the soot from base diesel, soot from the 

catalyst treated fuel possessed a lower characteristic temperature (from 550°C down to 

360°C) at which the peak heat release was obtained in TG-DSC curves. This was 

favourable to the DPF regeneration process. The TEM-EELS and the temperature 

programmed reduction (TPR) data further revealed that the enhanced soot reactivity was 

attributed to the lattice oxygen in the iron oxide contained in soot. In other words, the 

oxidative reactivity of the soot from iron-doped fuel was depended on the enrichment of 

the metal oxide on the soot surfaces. 
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Abi-Aad et al (2001) detailed a study on the oxidative reactivity of diesel soot particles 

with the application of a Ce-based catalyst. Their TG-DSC curves revealed a faster 

weight loss with remarkably improved reactivity of soot due to the use of the catalyst. It 

was observed that the characteristic temperatures referring to the beginning and the 

completion of the soot oxidation were shifted to lower ranges compared to those 

obtained in the absence of the Ce catalyst. 

 

Jung et al (2005) further analysed the kinetics of soot oxidation by employing the well-

known Arrhenius Equation. It was found that the oxidation rate was remarkably 

increased (×20) with the addition of Ce catalyst to the fuel, which was solely attributed 

to the increase in the pre-exponential factor as the activation energy was determined to 

be equivalent to that of the soot from undoped fuel. The authors proposed that soot 

particles from diesel engines were already catalysed to some extent by the metals 

presented in the lube oil, and the addition of Ce was most likely to increase the number 

of the catalytic sites with no observable effect imposed on the overall activation energy. 

 

However, for flame derived soot, it was believed that even a small quantity of metal 

seeding in the fuel could lead to an improvement in the soot oxidation reactivity with a 

dramatic decrease in its activation energy. Kim et al (2005) carried out a typical study 

of this kind by extracting the oxidation kinetics of soot from a metal-free flame and an 

iron-doped flame, and found that the addition of 0.1mol% iron significantly reduced the 

activation energy of the flame soot from 162±3 kJ/mol to 116±3 kJ/mol. 

 

From the preceding discussion, it is noted that the addition of HCCs to the fuel can 

effectively enhance the oxidative reactivity of the soot particles as indicated by the 

lower ignition temperature and faster oxidation rate. From a phenomenological kinetics 

perspective, the aforementioned effect is realised either through increasing the pre-

exponential factor for the engine derived soot, or through decreasing the activation 

energy for the flame derived soot. 

2.4.3.3 Effect of HCCs on Soot Particle Composition 

Soot particles are mainly composed of carbonaceous substances with trace metals and 

inorganic species absorbed on the surfaces (Maricq, 2007, Hai, 2011). The real 
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composition of soot is very complex and can be influenced by many factors, including 

the engine operating parameters and the use of HCCs.  

 

When investigating how the ferrocene addition to diesel could impact the chemistry of 

soot formation, Lee and co-workers (Lee et al, 2006a, Lee et al, 2006b) categorised the 

diesel soot particles into two groups according to their H/C ratios, i.e. organic carbon 

(OC, H/C >1) and elemental carbon (EC, H/C <1). With the help of TEM, the authors 

further defined that the particles in nano scales were volatile OC particles, while the 

agglomerates of primary soot spherules were generally counted as EC particles. In their 

study, it was found that along with a reduction in the total soot emission, the EC mode 

particles significantly decreased with the increasing of the ferrocene dosage, while the 

emissions of OC particles were slightly increased under the experimental engine 

conditions.  

 

Marsh et al (2007) also observed an increase in the organic fraction of soot when 

applying ferrocene to a military aviation fuel. However, there is no consensus in terms 

of the effect of HCCs on the EC and OC emissions. Okuda et al (2009) reported the use 

of Pt/Ce bimetallic catalyst reduced 54% EC and 23% OC production and demonstrated 

that the catalyst was more effective in interacting with EC and PAH-like compounds as 

compared to OC (containing large amount of non-aromatics). No adequate explanations 

can be found in the literature for the discrepant observations on EC and OC reductions. 

 

The chemical compositions of soot particles can be determined by elemental analysis. 

Uner et al (2005) used CHN/O analyser to test the compositional differences in soot 

particles derived from the flame fumes and the engine exhausts. Yang et al (1998) 

studied the effect of Mn-based HCCs and determined the contents of the metals and 

inorganics in soot using ICP-MS. Results showed that almost all the metal elements in 

the fuel were emitted in exhaust, and the use of Mn-based catalyst did not increase the 

total metal emission rates, except an increase of 3.66mg/g in Mn emission was found 

when adding 400ppm catalyst to the fuel. Lyyranen et al (2002) employed ICP-MS and 

ICP-AES (atomic emission spectroscopy) to detect the metal distributions in relation to 

particle sizes when using Mg-based catalyst, and found that the peak Mg elemental 

distribution was clearly observed in the 2µm mode of soot particles. 
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From the above literature reviewed, it is noted that little attention has been paid to the 

impact of the Fe-based HCCs and especially the ferrous picrate catalyst on the 

properties of the resulting soot particles. Under this circumstance, a systematic study on 

the ferrous picrate catalyst in affecting the soot properties is needed to improve the 

understanding of the interaction mechanisms of the catalyst and soot. Additionally, it is 

understood that no single technique can provide adequate information on the complex 

nature of the soot particles. A combination of various advanced analytical techniques is 

thereby essential to attain more detailed and comprehensive characteristics of soot 

particles associated with the use of the ferrous picrate catalyst. 

2.5 Mechanisms of HCCs in Diesel Combustion 

The effect of HCCs on fuel combustion and pollutant emissions has been well 

established, however, the study of the underlying mechanisms through which they 

function remains to be a challenging topic. Neeft et al (1996) provided an early review 

on the working mechanisms of the metallic catalysts, which summarised: for alkali or 

alkaline earth metallic catalysts, ions or radicals are formed during the combustion 

process which can then inhibit the formation or the nucleation of the soot precursors; 

while transitional metals tend to catalytically oxidise soot in a later stage of combustion. 

Similarly, Marsh et al (2007) proposed four ways of actions through which the HCCs 

affect fuel combustions and soot emissions: (1) promoting fuel atomisation or fuel 

premixing; (2) increasing ignition delay which allows more time for fuel vaporisation; 

(3) inhibiting soot formation and (4) catalysing soot oxidation. In this section, an up-to-

date review on this subject is presented which covers the current understandings of the 

working mechanisms of HCCs in fuel combustion, soot formation and oxidation 

processes, as well as the ultimate fate of the metallic catalysts. 

2.5.1 Mechanisms of HCCs in Combustion Process 

Guld (1985) described that the impact of ferrous picrate in diesel engine combustion 

was through the dissociation of the catalyst into ferrous ions and picrate ions at the 

commencement of the combustion process. The ferrous ions promoted the formation of 

free hydrocarbon radicals in the combustion zone, and the picrate ions undergone 

further decomposition to provide extra kinetic energies to break the large fuel molecules. 

These free radicals and smaller hydrocarbon fragments burned more easily and quickly 
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which improved the combustion efficiency. The author commented that the introduction 

of ferrous picrate into the liquid fuel tended to increase the flame speed and reduce the 

combustion duration, resulting in a faster and more complete combustion with increased 

peak flame temperature, reduced fuel consumption and less unwanted pollutant 

emissions. 

 

A number of metal catalysts have been evidently proved to follow the mechanism of 

this kind. Guru et al (2010) detected a higher in-cylinder peak pressure and earlier 

starting of the combustion with the addition of Mg-based catalyst. Sajith et al (2010) 

captured an increase in the combustion efficiency associated with the application of 

CeO2 catalyst and proposed that the catalyst acted as an oxygen buffer to promote the 

fuel combustion. Kannan et al (2011) reported that the use of FeCl3 as a combustion 

catalyst induced a higher in-cylinder pressure, higher heat release rate and shorter 

ignition delay during diesel engine combustion. 

 

The experimental and modelling work by Linteris et al (2000) showed that the addition 

of Fe(CO)5 increased the burning velocity of the premixed CO/N2O flame. It was 

believed that the promotion effect was attributed to the iron-catalysed gas phase 

reactions of CO and N2O. The chemical kinetic mechanisms were described as follows: 

 

N2O + M = N2 + MO (2-3) 

CO + MO = CO2 + M (2-4) 

 

In the reaction equations, M represented the intermediate iron-containing species that 

formed during the decomposition of Fe(CO)5, including Fe, FeO or FeOH. The extent 

of the influence of Fe(CO)5 on the CO/N2O reactions was dependent upon the rate of 

the iron-catalysed O-atom recombination cycle (Rumminger et al, 2002). 

 

Linteris and Babushok (2009) examined the potential of iron compounds for the ignition 

delay of H2/air mixtures at the temperature of 1000K and the atmospheric pressure. 

With the addition of 1~50ppm iron, the results showed an ignition promotion with the 

ignition delay advanced by a factor of 2~3. It was inferred that the Fe(CO)5 and Fe were 

equally effective, whereas FeOH and FeO were more effective in advancing the ignition 
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delay. The major reactions responsible for the ignition promotion were determined to be 

the following: 

 

Fe + O2 = FeO2 (2-5) 

Fe + O2 = FeO + O (2-6) 

O + H2 = OH + H (2-7) 

FeO + H2 = Fe + H2O (2-8) 

 

It was reported that upon the decomposition of the initial iron compound (Linteris and 

Babushok, 2009), nearly all (99.7%) the Fe reacted with O2 to form FeO2, leaving a 

small fraction (0.3%) of the Fe species reacted with O2 to form FeO and O. The second 

step (as shown in Reaction 2-6) enabled the direct formation of O atom and was 

believed to account for the ignition promotion. Then FeO reacted with H2 to reform Fe. 

Hence, the Fe addition served to provide radicals at an early stage of combustion. The 

results from this modelling work demonstrated that the rate of the initial gas reactions 

was related to the additional radical source (FeO2) from the catalyst decomposition. The 

extent of the ignition promotion was found to be proportional to the amount and the 

form of the iron-based catalyst, the stoichiometry and the initial temperature of the fuel 

gas mixtures. 

 

The effect of ferrocene on the premixed C3H6/O2/Ar flames with different 

stoichiometries was investigated by Staude et al (2011) using laser induced fluorescence 

and numerical simulations. The peak flame temperature was found to be slightly 

increased when the ferrocene was added to the fuel-rich flames (φ=1.25). It was 

predicted that the major iron-containing species formed to promote the reactions were 

Fe, FeO, FeOH and Fe(OH)2, with the FeO being more sensitive to the stoichiometry of 

the flame. In his early work (Staude, 2009), it was pointed out that the increased flame 

temperature in the presence of iron compounds was attributed to the catalytic hydrogen 

recombination cycles where more FeOH and Fe(OH)2 radicals were formed.  

 

It can be seen from the above literature that the iron-based catalyst is capable of 

enhancing the combustion processes of fuel gases. By decomposing into iron-containing 

species, the catalyst is involved in the free radical reactions and acts as additional 

intermediate to shorten the ignition delay, increase the combustion temperature and 
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accelerate the reaction rates. However, diesel fuel in composition contains hundreds of 

hydrocarbon molecules in various types which are far more complicated than the gases 

used in current flame models. This poses the necessity of continuous studies to further 

the understanding of the working of the metal-based HCCs, especially the ferrous 

picrate catalyst, in the combustion process of diesel fuels. 

2.5.2 Mechanisms of HCCs in Soot Formation and Oxidation Processes 

As an indication of the combustion incompleteness, soot is formed in a complicated 

multi-step process, which normally involves the formation of acetylene and PAH as 

soot precursors, particle nucleation and surface growth to form primary soot particles, 

and particle agglomeration to form soot aggregates (detailed description refers to 

Section 2.2.2.3). Soot oxidation is a competing process with the formation of soot to 

reduce the overall emission. The mechanisms of HCCs in suppressing soot emissions 

are generally investigated by considering their catalytic effects during each single step 

described in above. 

 

A fundamental study on the effect of HCCs in soot particle inception and growth was 

undertaken by Ritrievi et al (1987), who carried out the experiments on a premixed 

ethylene flame with the C/O ratio of 0.71~0.83 and used 0.015~0.46% ferrocene by 

weight. By using the laser light scattering technique, they found that the ferrocene 

doping in fact increased the particle inception with initially smaller particle size and 

higher number densities in the flame. The results from a one-dimensional nucleation 

model showed that the FeO particles from ferrocene decomposition nucleated well 

before the onset of soot inception, which lowered the rate of the soot surface growth in 

the next stage. 

 

Feitelberg et al (1993) studied similar flames as those in Ritrievi’s work and reported 

that ferrocene addition had no measurable effect on soot particle inception and collision. 

It was predicted that the catalyst presented in the gas phase at high temperatures and 

precipitated out as metallic iron when the flame temperature was decreased. It was 

hypothesised that iron on the surfaces of the growing soot particles was effective to 

catalyse the formation of PAH from acetylene, without changing the concentrations of 

C1~C4 species.  
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Babushok et al (2002) examined the effect of Fe(CO)5 on the formation of PAH 

molecules by modelling a premixed flame, and found the addition of the catalyst 

promoted the formations of PAH and soot precursors via changing the concentrations of 

•H, •O, •OH in the radical pool. They also confirmed that the reduction of mature soot 

was caused by the heterogeneous reactions of metal oxides and soot, which was 

accompanied with an increase in the soot oxidation rates. However, the study by 

Hirasawa et al (2004) showed that in fuel-rich premixed flames, the addition of 

ferrocene had insignificant effect on PAH formation and growth. Their experimental 

results suggested that iron oxide nanoparticles derived from ferrocene dissociation 

induced soot particle nucleation and provided a surface to initiate the soot surface 

growth. 

 

Additional fundamental studies on the role of HCCs during soot formation and 

oxidation turned to use coannular diffusion flames. Bonczyk (1991) studied the soot 

formation with ferrocene addition in an iso-octane/air diffusion flame. They found that 

ferrocene shortened the time for soot to first appear in the flame and caused the 

formation of FexOy particles, but had no significant effect on the formation chemistry of 

soot precursor. In a later stage of combustion, the authors observed an enhanced soot 

oxidation by ferrocene and proposed that the reason was presumably due to the catalytic 

effect of the FexOy attached onto the soot particles. 

 

 
Figure 2-8 TEM micrograph of soot showing (A) the fine iron fragments in the soot matrix, 

(B) concentric layers of carbonaceous soot around the iron occlusion (Zhang 

and Megaridis, 1994) 
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As an extension of Bonczyk’s work, the interaction between ferrocene and soot during 

the combustion process was studied by Zhang and Megaridis (1994), who employed a 

combination of thermophoretic sampling, TEM and EDS techniques to detect the 

structures and chemical compositions of soot aggregates in an ethylene/air diffusion 

flame. They found that soot from the untreated flame possessed a homogeneous phase 

of carbon, while the soot from ferrocene treated flame contained a layer of carbon over 

the occluded iron particles (as shown in Figure 2-8), illustrating the interference of iron 

compounds during soot formation process. The compositional analysis by EDS revealed 

that the iron was incorporated into the soot matrix in the form of elemental iron for the 

soot near the flame axis and in the form of iron oxides in all other areas of the flame. 

 

In a follow-up study, Zhang and Megaridis (1996) determined that in ferrocene doped 

flames, iron fragments (as small as 1nm in size) within the carbonaceous soot matrix 

enhanced the rate of soot oxidation, leading to reduced soot volume fractions and 

smaller primary particle sizes. The catalytic mechanisms were considered as the 

following: 

 

FexOy + y C = x Fe + y CO (2-9) 

x Fe + y/2 O2 = FexOy (2-10) 

C + 1/2 O2 = CO (2-11) 

 

The presence of iron and oxygen within the soot matrix allowed the formation of iron 

oxide, which could easily initiate the cyclic conversion between FexOy and Fe under 

high temperatures. Reactions (2-9) and (2-10) were in fact equivalent to the carbon 

oxidation reaction (2-11), which indicated the catalytic pathway of the soot reduction in 

iron-seeded flames.  

 

Kasper et al (1998) and Kasper et al (1999) found that in a ferrocene-doped methane 

diffusion flame, iron oxide particles nucleated before soot inception and served as 

condensation nuclei for an early and enhanced soot formation. It was also revealed that 

iron oxide incorporated in soot particles acting as catalysts to promote soot oxidation at 

the flame tips. Kim et al (2008) studied a isooctane diffusion flame seeded with 

Fe(CO)5 and reported a similar mechanism that, elemental iron was incorporated in soot 

during particle inception and growth and subsequently catalysed soot oxidation by 
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transferring into iron oxide. The in-situ spectroscopic results confirmed the catalytic 

role of the iron oxide species in soot oxidation process, which resulted in a 66% 

reduction in overall soot emissions.  

 

Based on the above discussions, the most prevalent mechanisms for iron-based HCCs in 

affecting soot emissions can be summarised as follows: for premixed flames, the 

catalyst addition leads to the formation of iron oxide nanoparticles prior to the onset of 

soot precursors, enhancing soot particle formations by providing sites for carbon 

condensation; for diffusion flames, which in theory are more akin to those in diesel 

engine combustions, the catalyst shows the similar behaviour, i.e. early generation of 

iron or iron oxide particles, which are then incorporated in soot particles and catalyse 

the subsequent soot oxidation process. It seems that the iron-based catalyst plays a key 

role in promoting the soot oxidation rather than inhibiting the early soot formation in the 

combustion process of diffusion flames. 

 

However, the actual role of HCCs in the soot formation and oxidation processes has a 

strong dependence on the catalyst formula and the configuration of the combustion 

system. Meanwhile, the complexity of diesel fuel molecules is only introducing more 

uncertainties to the current understandings based on lower hydrocarbon flames. Thus, 

there is an urgent need to study the interaction mechanisms of HCCs, especially the 

ferrous picrate based combustion catalyst, in the soot formation and oxidation processes 

in diesel engines. 

2.5.3 The Fate of HCCs after Combustion 

As discussed in this thesis work, the HCCs contain a metallic part in their formula, 

which acts as the active ingredient to promote the fuel combustion and enhance the soot 

formation and oxidation processes. However, the ultimate fate of the metals emitted in 

the exhaust, in whatever chemical and physical forms, is unknown and may pose serious 

threats to human health due to their possible toxicity (Neeft et al, 1996, Maricq, 2007). 

It is thereby of great importance to pay our attention to the evolution of these metals via 

investigating the formation and the final state of the metal-rich particles in the exhausts. 

 

Wong (1988) seems to be the first researcher who employed TEM with dark field 

imaging and EDS techniques to identify the metals in soot particles. His observations on 
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the soot particles from the fuel treated with ferric acetylacetonate catalyst showed that 

small iron particles (ca. 3nm in diameter) were incorporated in the soot particles. 

However, the chemical valences and the morphologies of these iron particles were not 

discussed. 

 

Following Wong’s work, a group of studies (Bonczyk, 1991, Hahn and 

Charalampopoulos, 1992, Zhang and Megaridis, 1994, Burtscher et al, 1998, Skillas et 

al, 2000, Lyyranen et al, 2002, Kim et al, 2008) claimed that the addition of metal 

based catalyst in the fuel induced the formation of metal oxide particles, which 

nucleated before the soot inception and subsequently coagulated with soot particles to 

promote the oxidation process. 

 

Hahn and Charalampopoulos (1992) used a stainless steel probe to sample soot particles 

from various heights of a premixed propane flame seeded with Fe(CO)5, and found 

Fe2O3 as the dominant species in the soot by X-ray photoelectron spectroscopy (XPS). 

Kasper et al (1999) studied a ferrocene-doped methane diffusion flame and reported 

iron oxide particles that appeared in the exhausts after catalysing the soot oxidation 

process. Song et al (2006b) added an iron-based catalyst in diesel fuel and tested in a 

turbocharged diesel engine. Their X-ray diffraction (XRD) and TEM-EELS analyses on 

the soot particles collected showed the crystalline structure of iron oxide particles 

(Fe2O3) which were found to be encapsulated by soot layers. It was also inferred in 

their study that the geometric location of the metal oxide in soot had a crucial effect on 

the soot oxidative reactivity. 

 

Burtscher et al (1998) and Skillas et al (2000) collected the engine soot from a Ce 

catalyst treated diesel. Results of ICP-MS and XRD analyses showed the presence of 

CeO2 in the ashes from burning the soot samples. This suggests that Ce and Fe are 

similar in that they both have reached the highest oxidation states in the exhausts. They 

also identified a correlation between the CeO2 morphologies and the soot emission 

factors, in which CeO2 would have attached to the soot particles under heavy soot 

conditions and would have formed self-nucleated particles in the case of lower soot 

emission levels.  

 

45 



Chapter 2 

Jung et al (2005) clearly observed the above two classes of cerium oxide particles when 

testing the Ce treated diesel in a diesel engine. Their TEM-EDS analyses showed that 

80% of the soot particles were carbonaceous aggregates with fine CeO2 particles 

(5~7nm in diameter) decorated on the surfaces, while the less prevalent class of the 

particles was mainly composed of self-nucleated large CeO2 particles. The formation 

mechanism of the prominent feature of soot was deduced, in that, the Ce-based catalyst 

enhanced the soot oxidation process which in theory proceeded from the exterior of the 

soot particles, thus providing sites for the residence of the CeO2 nanoparticles and 

resulting in soot aggregates with CeO2 decorated on the surfaces.  

 

In addition to the soot emission level, the dosage of the metallic catalyst also has a 

direct impact on the state of metals in the exhausts. Study by Lee et al (2006a) showed 

the condensation of iron-containing particles onto the existing soot at a lower ferrocene 

dosage and the self-nucleated iron particles under a higher level of catalyst addition. 

Using TEM and EDS techniques, Miller et al (2007) observed the particle morphologies 

versus the levels of ferrocene addition to diesel. They found that when the ferrocene 

was added at the lowest level (20ppm iron in diesel), primary iron particles (below 

10nm in diameters) resulted from homogeneous nucleation was captured in the exhausts. 

By increasing the catalyst dosage (~600ppm iron in diesel), the primary iron particles 

collided with the surrounding carbon and eventually decorated on the surfaces of large 

soot aggregates. The authors claimed that the increase in ferrocene doping resulted in 

the growth of the primary iron particles and thus the formation of large metal 

agglomerates (ca. 30nm in diameter), which were coagulated with soot aggregates to be 

emitted with the exhausts. 

 

Although new techniques have been developed to characterise the morphology and the 

composition of the solid particles in diesel engine exhausts, it remains to be a complex 

and elusive phenomenon in terms of the ultimate existence of the metals in HCCs and 

their interactions with soot formation chemistry. As for the ferrous picrate catalyst, there 

is no investigation that has been carried out so far to address these issues. It requires an 

immediate and extensive study on the morphology and distribution of iron derived from 

the catalyst in the exhausts, which in the meantime serves as evidence to better 

understand the role of the catalyst in soot formation during diesel combustion processes. 
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2.6 Summary and Specific Objectives of the Present Study 

Based on the thorough review of the literature, the following conclusions can be drawn: 

 

• The use of homogeneous combustion catalysts provides an efficient and cost-

effective means of controlling the pollutant emissions from diesel engines. It 

requires no modifications to the engine structure and configuration and limited 

inputs to realise the high potentials of the catalyst in improving the combustion 

efficiencies. Among all the metals reported in the literature, iron is one of the 

best choices because it is most effective and relatively cheaper, and most 

importantly, it has minimal adverse effects to human health and the environment. 

• In application, the HCCs are added at ultra-low ratios which can hardly incur 

any changes in the physical specifications and properties of the fuel. However, 

there are a few studies reporting that the addition of HCCs may lead to 

variations on the flash point, pour point and viscosity of the fuel. This should be 

carefully addressed before proceeding with the engine tests on HCCs. 

• In the literature, there is a broad consensus on the effectiveness of the metal-

based HCCs in improving the fuel economies and reducing the pollutant 

emissions. However, the reported fuel savings and emission reductions vary 

widely depending on the engine configurations, the running conditions, the 

testing methods and the catalyst dosages. These parameters should be well 

considered and systematically controlled in the present study. 

• The application of HCCs has spread to biodiesel combustions. Biodiesel fuel 

generally produces less CO, UHC and PM, but higher NOx and has higher 

specific fuel consumptions when compared to diesel combustions in diesel 

engines. There are some studies showing that the addition of HCCs to biodiesel 

fuel is capable of improving the fuel efficiency and further reducing the 

pollutant emissions from engine combustions. The benefits of the HCCs in 

biodiesel combustion require a systematic investigation to realise the full 

potential of the new catalytic technology. 

• Experimental results have shown the use of HCCs can lead to significant 

changes in the physical and chemical properties of soot particles. Typically, 

smaller primary particle sizes and higher oxidation rates are observed for soot 

from the HCCs treated fuels. In addition, the metal in the HCCs composition is 
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found to be incorporated in the soot particles. Further studies are needed to 

quantify the effect of the HCCs on soot properties using a combination of the 

advanced analytical techniques. 

• The mechanisms of HCCs in affecting the combustion and soot formation 

processes are studied via experiments and kinetic modellings. The metal ions in 

the HCCs are shown to promote the free radical reactions in the combustion 

process, resulting in advanced ignition delay, higher peak flame temperature and 

increased burning velocity. During soot formation process, the metals ions in 

gas-phase reactions nucleate early than the soot precursors, providing sites for 

soot inception and catalysing the oxidation process in a later stage of combustion. 

It should be noted that most of the published work used simplified flame models 

with low molecular hydrocarbon gases. The complexity of diesel combustions in 

real engine systems under the effect of HCCs needs to be studied in the future 

research.  

• In general, the metals originated from the HCCs are found to be transformed into 

metal oxides after catalysing the fuel combustion process. The presence of 

metals and their effect on the morphology of the soot particles in the exhausts 

are complex, which largely depend on the catalyst dosages and the soot emission 

levels. The study on the ultimate fate of the metals in HCCs is of great 

importance to help understand the interaction mechanisms of the HCCs in soot 

formation during the combustion processes. 

 

The present study is concerned with a ferrous picrate based homogeneous combustion 

catalyst, a proprietary product of Fuel Technology Pty Ltd in Western Australia. The 

efficacy of the catalyst in improving the fuel efficiency and reducing the pollutant 

emissions from diesel combustions has been tested in various laboratory engines and 

large-scale filed trails. However, the published results are found to be varied and 

controversial. This presents a challenging demand of a full assessment of the potentials 

of the catalyst in diesel engine combustions under a controlled and systematic manner. 

Due to the increased utilisation of biodiesel fuel, it is therefore very relevant and 

necessary to investigate if the catalyst will have the same beneficial effect on biodiesel 

combustion to realise the full potential of the technology. In order to reveal the 

underlying mechanisms of the catalyst in diesel combustion and soot formation 

processes, the effect of the catalyst on soot characteristics and the ultimate existence of 
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iron in the catalyst need to be carefully examined. Hence, the specific objectives of the 

present study are:  

 

• To systematically confirm and quantify the effect of the catalyst in improving 

fuel consumptions and reducing pollutant emissions (UHC, CO, NOx and smoke) 

from a diesel engine fuelled with diesel and biodiesel. The controlled parameters 

include engine speed, engine load and the catalyst dosage; 

• To comprehensively investigate the effect of the catalyst on the key 

characteristics of soot particles from diesel engines, including soot oxidative 

properties, soot nanostructure and particle size, as well as soot chemical and 

elemental compositions; 

• To ascertain the ultimate fate of iron in the catalyst during diesel combustion 

process. The study will incorporate a set of advanced analytical techniques, 

aiming to examine the morphology and the state of iron in the exhausts; and 

• To reveal the mechanisms of the working of the catalyst in diesel soot formation 

during the combustion processes. 

 

The outcomes to be derived from this research will not only help quantify the beneficial 

effect of the ferrous picrate catalyst in improving fuel combustions and reducing engine 

pollutant emissions, but also provide valuable insights into the mechanisms of the 

catalyst in the soot formation processes in diesel engines. 
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Chapter 3 Research Methodology, Approach and 
Techniques 

3.1 Introduction 

The literature review detailed in Chapter 2 has provided an overview of the current 

knowledge status of the homogeneous combustion catalysts in affecting fuel combustion 

and pollutant emissions from diesel engines. The review has indicated the needs of 

quantifying the effect of the ferrous picrate catalyst on pollutant emissions and soot 

characteristics, and understanding the ultimate fate of iron in the catalyst during diesel 

combustion processes. The outcomes of the present research will not only help confirm 

the effectiveness of the ferrous picrate catalyst in diesel engine combustions, but also 

provide solid evidences in approaching a better understanding of the mechanisms of the 

catalyst in soot formation processes during combustion. This chapter outlines the 

research methodology, approach and the analytical techniques that were used to achieve 

the specific objectives as identified in Chapter 2. 

 

In order to confirm and quantify the effect of the ferrous picrate catalyst on fuel 

economies and pollutant emissions from diesel combustions, a laboratory diesel engine 

test rig was employed and operated under various speed and load conditions to simulate 

different modes prevailing in various practical driving processes. The brake specific fuel 

consumptions and the emissions of CO, UHC, NOx and smoke were measured and 

compared when the engine was fuelled with the reference diesel and catalyst treated 

fuels. The tests were then upgraded to use a large-scale diesel engine to examine the 

potentials of the catalyst in real engine operating conditions. With the variables being 

studied in a controlled manner, the study provides reliable evidences showing the 

efficacy of the catalyst in reducing fuel consumptions and pollutant emissions from 

diesel combustions in diesel engines. 

 

Furthermore, a test program using the laboratory diesel engine was developed to 

ascertain the catalytic effect of the ferrous picrate on biodiesel combustions. The 

emissions of smoke, CO, UHC, CO2 and NOx from baseline diesel, biodiesel and the 

catalyst treated biodiesel were compared under various engine operating conditions. 
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This study enables a quantitative evaluation of the engine performance of the alternative 

biodiesel fuel, with the use of the catalyst. 

 

To study the effect of the ferrous picrate catalyst on diesel soot characteristics, soot 

particles were collected when the laboratory diesel engine was maintained under steady-

state and fuelled with diesel with and without the catalyst addition. The oxidation 

behaviour of soot was examined using thermogravimetric analyser (TGA), with the 

kinetic parameters of dry soot oxidation process extracted from the TGA data for further 

comparison. Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) were employed to reveal the soot surface and internal morphology, 

the size and distribution of primary soot and aggregates, as well as the graphitisation 

and the growth mode of the soot particles. The structural and elemental compositions of 

the soot collected were evaluated using Fourier transform infra-red spectroscopy (FT-

IR), solid state nuclear magnetic resonance (NMR) spectroscopy and the CHN/O 

analyser. A complete characterisation of soot was therefore achieved by a combination 

of these analytical techniques, which provided a thorough assessment on the impact of 

the catalyst in overall soot formation processes. 

 

To investigate the ultimate fate of iron in the ferrous picrate catalyst after catalysing the 

combustion process, experimental studies were carried out using a droplet flame model 

and the diesel engine facility with the fuel supply doped with ferrous picrate to generate 

the soot particles. Soot samples were collected and analysed by advanced techniques of 

SEM, TEM in conjunction with energy-dispersive X-ray spectroscopy (EDS). The 

outcomes of this study will help substantiate the transformation mechanisms of the iron 

species in catalyst in soot formation processes during diesel combustion. 

 

Figure 3-1 shows an overview of the research methodology, experimental approach and 

analytical techniques, also with the links to the subsequent chapters. 
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Figure 3-1 A schematic of the research methodology, approach and techniques linked with future chapters 
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3.2 Fuels and the Catalyst 

A commercial diesel fuel from a local service station (Caltex Australia Ltd) was used as 

the reference diesel in this study. The chemical and physical properties of diesel fuel 

were analysed using an Agilent 7890A gas chromatograph (GC) and fuel property 

testers, with the results shown in Table 3-1. It can be seen that the diesel fuel used in 

this study was an ultra-low sulphur fuel with less than 15ppm in sulphur content and the 

C10~C18 hydrocarbons being the dominant components.  

 

Table 3-1 Chemical and physical properties of diesel fuel 

Parameters  
Analytical 

method 

components 
<C10 8.71% 

GC analysis C10-C18 75.07% 
>C18 16.22% 

Viscosity (cSt at 40°C) 2.03 ASTM D445 
Density (kg/m3 at 15°C) 844.5 ASTM D1298 
Flash point (°C) 80 ASTM D93 
Pour point (°C) -9 ASTM D97 
Sulfur content (ppm) <15 ASTM D1266 
Distillation range (°C) 180~360 ASTM D86 
Calculated Cetane index (CCI) 48.7 ASTM D4737 

 

The biodiesel fuel was obtained from BioWorks Australia Pty Ltd which was derived 

from the transesterification of soybean oil, rapeseed oil and animal tallow with 

methanol. The chemical composition of the biodiesel was also analysed using the 

Agilent 7890A GC and listed in Table 3-2. It can be seen that the biodiesel mainly 

consists of the methyl esters of palmitic acid (C16:0), oleic acid (C18:1) and linoleic 

acid (C18:2), weighing by 18.95%, 43.98% and 23.90%, respectively, of the total mass. 

The analysis shows the total saturated and unsaturated fatty acids are at 26.53% and 

71.76% of the total weight, respectively. It is clear that the biodiesel has extra oxygen 

contents in its molecule in comparison to that of conventional diesel and the large 

quantity of unsaturated carbon bonds implies a higher reactivity during combustion. 
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Table 3-2 Corresponding fatty acids of the esters contained in the biodiesel fuel 

Fatty acid 
Carbon 
chain 

Formula Wt % 

Myristic C14:0 C14H28O2 0.95 
Palmitic C16:0 C16H32O2 18.95 
Palmitoleic C16:1 C16H30O2 0.69 
Stearic C18:0 C18H36O2 5.98 
Oleic C18:1 C18H34O2 43.98 
Linoleic C18:2 C18H32O2 23.90 
Linolenic C18:3 C18H30O2 2.78 
Arachidic C20:0 C20H40O2 0.37 
Eicosenoic C20:1 C20H38O2 0.41 
Behenic C22:0 C22H44O2 0.28 
Total saturated    26.53 
Total unsaturated   71.76 
Unknown components   1.71 

Note: Cxx:x = No. of carbon atoms: No. of double bonds. 

 

The ferrous picrate homogeneous combustion catalysts, namely FPC, was provided by 

Fuel Technology Pty Ltd, which was a liquid solution with ferrous picrate dissolved in a 

composite organic solvent system containing high alcohols, short-chain alkyl benzene 

and other aromatics. The Fe2+ content in FPC was in the range of 560~600 mg/L. 

During the experimentation, the catalyst was added to diesel and biodiesel fuels at 

various dosages (catalyst to fuel, vol. /vol.), ranging from 1:15000, 1:10000 (the 

manufacturer recommended ratio), 1:5000, and 1:1000. Prior to engine tests, the key 

properties of the reference fuels and the catalyst treated fuels were determined, with the 

results reported in the next chapter. 

3.3 Diesel Engine Tests 

3.3.1 Laboratory Diesel Engine Tests 

To systematically evaluate the effect of FPC on fuel economy and pollutant reductions, 

a small compression ignition engine emissions/fuel (SCIEEF) test rig was designed by 

AET Ltd in Canada and employed in the present study. The test rig consisted of a 

laboratory-scale diesel engine with a dynamometer, a separate control panel and data 
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acquisition system. Figure 3-2 (a) and (b) illustrate the schematic layout of the SCIEEF 

engine test system and a picture of the test rig. 

 

 

 
Figure 3-2 (a) A schematic layout of the laboratory diesel engine test system and (b) a 

picture of the SCIEEF engine test rig 

3.3.1.1 Diesel Engine 

The main body of the SCIEEF test system was a naturally-aspirated, air-cooled, four-

stroke, direct injection diesel engine (AET Ltd). The specifications of the diesel engine 

are listed in Table 3-3. The engine was mounted on a test bed and coupled to a water-

cooled Zöllner type A-100 eddy-current dynamometer, which provided the engine with 

various load conditions. The engine speeds and loads were set by the control panel and 

the signals of the actual running conditions were fed back via electric sensors. 

Circulations of the dynamometer coolant and lube oil were maintained by electric-
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powered pumps and their corresponding temperatures were recorded by the data 

acquisition system. 

 

A shaft encoder was installed to measure the crankshaft’s angular position and a 

pressure transducer was mounted directly in the fuel injection line to detect the fuel 

injection pressure and injection timing. Various engine temperatures were measured by 

calibrated thermocouples, including the intake and cooling air temperatures, oil 

temperature, cylinder head temperature and exhaust gas temperature. All these signals 

were collected and transmitted to an A/D board installed on an IBM compatible 

Pentium PC. A LabVIEW code-based software interface was developed by AET Ltd 

and operated on the computer which allowed the engine operating parameters to be 

monitored by the operator and recorded for future reference. 

 

Table 3-3 Specifications of the laboratory diesel engine facility 

Engine model YANMAR L48AE-DG 

Engine type Naturally-aspirated, four stroke, direct injection 

Cylinder number Single 

Bore (mm)×stroke (mm) 70×55 

Total displacement (L) 0.211 

Compression ratio 19.9 

Maximum output (kW) 3.5 

Rated speed (rpm) 3600 

Injection Timing 14±1 BTDC (Before Top Dead Centre) 

Fuel injection pump YANMAR PFE-M type 

Fuel injection nozzle Hole nozzle, YANMAR YDLLA-P type 

Fuel injection pressure 19.6 MPa 

3.3.1.2 Fuel Consumption Measurement 

A 1L fuel tank connected with the fuel delivery line was sat on the top of a digital 

weighing scale (Acculab LT-3200) which was used to measure the fuel consumptions at 

fixed time intervals (5min interval in the present study). The digital scale was linked to 

the computer for an instantaneous monitoring and recording of the fuel consumption 

data. For tests with different fuel/catalyst blends, the fuel tank was drained and re-filled 

from the main fuel reservoir. 
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3.3.1.3 Pollutant Emission Measurement 

The pollutant emissions were directly measured from the raw exhausts five meters away 

from the engine outlet. An AVL Digas 4000 emission analyser was used to detect the 

concentrations of CO, UHC, and CO2 by an infrared method and NOx and O2 by an 

electrochemical method. PM emission measurement was achieved by monitoring the 

smoke opacity in the exhaust with a Bosch RTM 430 infrared opacimeter. To ensure the 

reliability of each measurement, the emission analyser was carefully calibrated against 

standard gases before the test. The opacimeter was calibrated using a calibration pin 

(with an opacity value of 50%) at the beginning and end of each test, and zero 

calibration was automatically performed each time the valve was switched to the fresh 

air position. 

 

Table 3-4 shows the accuracies and ranges of the instruments employed for the emission 

measurements. The emission analyser and opacimeter were connected with a computer 

via serial ports to monitor and record instantaneous emission data. 

 

Table 3-4 Specifications of the instruments used for emission tests 

Instrument Emission Range Accuracy Principle 

AVL Digas 
4000 

CO 0-10% by vol. 0.01% 
Infrared 

measurement CO2 0-20% by vol. 0.1% 
UHC 0-20 000 ppm vol. 1 ppm 
NOx 0-4000 ppm vol. 1 ppm 

Electrochemical 
measurement O2 

0-4% by vol. 0.01% 
4-22% 0.1% 

Bosch RTM 
430 infrared 
opacimeter 

Opacity 0-100% 0.1% 
Optical LED 
measurement 

3.3.1.4 Engine Settings and Experimental Procedures 

To control the variables involved in the study, the experiments were performed without 

any modification on the engine and the exhaust system. A series of tests were conducted 

using fuel and catalyst blends at different dosages, with the engine working at various 

speed and load conditions. Table 3-5 shows the variables and engine settings during the 

emission tests. The test points covered low, medium and high engine speed and load 
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conditions to attain a full evaluation of the potential of the catalyst in engine pollutant 

reductions. 

 

The test program started with the baseline diesel, and the engine was allowed to operate 

at the specified speed and load for about one hour until the critical temperatures of the 

engine (exhaust, lube oil and coolant) were stabilised. When the engine reached a 

steady-state condition, the fuel consumption was measured by the weighing scale at 

5min intervals and automatically recorded by the computer. Emission measurements 

were taken directly from the exhaust pipe and the readings were recorded at a 5s 

interval for a 5min continuous measurement. Each test was repeated three times and the 

results presented in this thesis were the averaged values, with error bars showing 

standard derivations of the measurements. For the tests involving a different fuel, the 

engine was purged with the new fuel for one hour to eliminate the effect of the fuel in 

the previous test. During the experimentation, the engine operating conditions were 

carefully controlled so that the difference in fuel consumptions and emissions were 

affected only by the fuel type. 

 

Table 3-5 Variables and engine settings during the emission tests 

Variables Settings 

Fuel type 
Reference diesel and biodiesel vs. catalyst treated 
diesel and biodiesel at different dosages 

Catalyst dosage 1:15000, 1:10000, 1:5000, 1:1000 

Engine speed From 2800rpm to 3600rpm with 200rpm interval 

Engine load 
Four load settings corresponding to 25%, 50%, 
75% and 100% of the maximum load at each 
specified speed 

3.3.1.5 Data Processing and Analysis 

For each test, the engine load T (Nm) and speed N (rev/min) were set and kept constant 

by the control panel, the mass fuel flow rate mf  (g/h) and concentrations (ppm or %) of 

gaseous emissions were measured by the instruments. Based on these raw data, the key 

parameters representing the engine performances were calculated using the following 

formulas. 
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• The brake mean effective pressure (BMEP) was obtained which was independent of 

the engine cylinder size and allowed the comparison among different engines 

(Heywood, 1988): 

𝐵𝑀𝐸𝑃(𝑀𝑃𝑎) = 2𝜋𝑛𝑅𝑇(𝑁𝑚) × 10−3 𝑉𝑑(𝐿)⁄  (3-1) 

where nR is the number of crank revolutions for each power stroke per cylinder (nR = 

2 for four-stroke cycles), Vd is the displacement volume of the engine. 

• The fuel consumption rate mf (g/h) measured in each engine test was converted to 

brake specific fuel consumption (BSFC) which measures how efficiently the engine 

is producing the work by using the fuel supplied (Heywood, 1988): 

𝐵𝑆𝐹𝐶(𝑔 𝑘𝑊ℎ⁄ ) = 𝑚𝑓(𝑔 ℎ⁄ ) 𝑃(𝑘𝑊)⁄  (3-2) 

𝑃(𝑘𝑊) = 2𝜋𝑁(𝑟𝑒𝑣 𝑠⁄ )𝑇(𝑁𝑚) × 10−3 (3-3) 

• The gaseous emissions were expressed in the units of grams of each pollutant per 

unit of the brake-specific power output, following the procedures recommended by 

the EPA regulations (EPA, Title 40, Part 89). 

𝐶𝑂(𝑔 ℎ⁄ ) = 0.00125 × 𝐶𝑂(𝑝𝑝𝑚) × 𝑉𝑒𝑥ℎ(𝑚3 ℎ⁄ ),  

𝐶𝑂(𝑔 𝑘𝑊ℎ⁄ ) = 𝐶𝑂(𝑔 ℎ⁄ ) 𝑃(𝑘𝑊)⁄  (3-4) 
 

𝑈𝐻𝐶(𝑔 ℎ⁄ ) = 0.000617 × 𝑈𝐻𝐶(𝑝𝑝𝑚) × 𝑉𝑒𝑥ℎ(𝑚3 ℎ⁄ ),  

𝑈𝐻𝐶(𝑔 𝑘𝑊ℎ⁄ ) = 𝑈𝐻𝐶(𝑔 ℎ⁄ ) 𝑃(𝑘𝑊)⁄  (3-5) 

 

𝑁𝑂𝑥(𝑔 ℎ⁄ ) = 0.00134 × 𝑁𝑂𝑥(𝑝𝑝𝑚) × 𝑉𝑒𝑥ℎ(𝑚3 ℎ⁄ ),  

𝑁𝑂𝑥(𝑔 𝑘𝑊ℎ⁄ ) = 𝑁𝑂𝑥(𝑔 ℎ⁄ ) 𝑃(𝑘𝑊)⁄  (3-6) 

 

𝐶𝑂2(𝑔 ℎ⁄ ) = 19.64 × 𝐶𝑂2(%) × 𝑉𝑒𝑥ℎ(𝑚3 ℎ⁄ ),   

𝐶𝑂2(𝑔 𝑘𝑊ℎ⁄ ) = 𝐶𝑂2(𝑔 ℎ⁄ ) 𝑃(𝑘𝑊)⁄  (3-7) 

 

In order to reveal the statistically significant differences between the emission results 

from the reference diesel and the catalyst treated fuels, the completely randomised 

single-factor analysis of variance test (ANOVA) and the Turkey-Kramer test (Barnes, 

1994) were applied. The statistical methods require to calculate the F-value and P-value 

for each pair of comparable data, and an F-value > F0.05 or P-value < 0.05 defines there 

is a significant difference between the two data sets at a 95% confidence level (equals to 

the significance level α=0.05). The emission data obtained were examined by the 

statistical tests and a 95% confidence level was assured throughout this thesis work. 
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3.3.2 Large-scale Diesel Engine Tests 

The efficacy of FPC in reducing pollutant emissions was also measured in tests using a 

large-scale, 3000 horsepower diesel engine as shown in Figure 3-3. 

 

 
Figure 3-3 A picture of the large-scale engine test rig 

The test program involved a 6-cylinder, turbocharged, direct injection diesel engine 

(Caterpillar, RSX10414) that was typically used in underground mining loaders. The 

selected engine type was a representative of the large quantity of heavy-duty diesel 

engines used in underground mining machineries that the catalyst was mainly applied. 

The experiments were carried out at Mining Equipment Spares (MES) Pty Ltd in WA 

where the test facility was located. A detailed description of the large-scale diesel 

engine is listed in Table 3-6. 

 

Table 3-6 Specifications of the large-scale diesel engine 

Engine model Caterpillar RSX10414 

Engine type Water-cooled, four-stroke, turbocharged, 
direct injection 

Cylinder number Six 

Displacement 11L 

Full load speed 1800rpm 

Full load power 353hp 

Compression ratio 17.3 

Fuel pump system Electronic Unit Injection (EUI) 
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A 3000 horsepower, water-brake dynamometer (Power Test Inc) was connected to the 

engine output shaft to provide the load conditions. During the test, the engine was 

operated under the speeds of 1400rpm and 1800rpm, with four load conditions 

corresponding to 25%, 50%, 75% and 100% of the maximum load at each specified 

speed. Reference diesel and catalyst treated diesel at the ratio of 1:10000 were used as 

the feeding fuel. AVL Digas 4000 emission analyser used in laboratory diesel engine 

tests was employed to measure the emissions of CO, UHC and NOx from the raw 

exhausts. 

 

The experiments started with the reference diesel to form the baseline. At the 

commencement of the tests, the engine experienced a warm-up period for about one 

hour which allowed the characteristic temperatures of the engine to become stable. Then 

the engine was run under the speed and load conditions describe in above. For each 

condition, the engine was maintained for one and half hour while the emission tests 

were carried out in every twenty minutes to ensure the repeatability. Upon the 

completion of the baseline testing, the engine was fuelled with the catalyst treated diesel 

and run about one hour (break-in period) to purge any fuel remaining from the previous 

tests. Then, the engine was operated under the same conditions as that of reference 

diesel, with the instantaneous emissions recorded for further comparison. 

 

During the tests, the engine load, speed, and engine temperatures (e.g. inlet air 

temperature, cooling water temperature, and exhaust gas temperature) were monitored 

and recorded to ensure the reproducibility of the experimental conditions. 

3.4 Soot Sample Collection Methods 

The study of the effect of the catalyst on soot characteristics, and the ultimate fate of 

iron in FPC during combustion involved the collection and characterisation of the soot 

particles. This section describes the soot sample collection methods with the analytical 

instruments and techniques introduced in the subsequent section. 

3.4.1 Engine Soot Collection 

To collect representative and sufficient soot samples, the laboratory diesel engine was 

maintained at 75% of the maximum load at the speeds of 2800rpm and 3200rpm, and 
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fuelled with the reference diesel and FPC treated diesel respectively. The catalyst 

dosages selected in this study included a normal ratio of 1:10000 and a higher ratio of 

1:1000 in order to attain a full evaluation of the effect of the catalyst on soot 

characteristics. 

 

Bulk soot samples were directly collected from the exhaust pipe when the engine 

reached a steady-state condition at the specified speed and load conditions. A 90mm 

diameter glass fibre filter paper (Whatman GF/A, 1.6 µm pore diameter) supported on a 

ceramic holder was located perpendicular to the exhaust path for three hours for a 

continuous sample collection. A schematic diagram of the soot collection arrangements 

is displayed in Figure 3-4. After the sample collection completed, the soot was 

scratched off the filter paper and stored in a desiccator for further analysis. 

 

 
Figure 3-4 A schematic of the arrangements for soot sampling and collection 

 

For microscopic analysis of the soot particles, a thermophoretic sampling technique has 

been widely used (Koylu et al, 1997, Lee et al, 2002, Neer and Koylu, 2006, Chandler 

et al, 2007, Lapuerta et al, 2007) which collects soot particles directly from the 

undiluted exhaust flow to a grid by the thermophoretic force. Following Dobbins and 

Megaridis (1987), the technique was developed in the present work which allowed soot 

particles to be sampled from the exhaust stream, as also shown in Figure 3-4. The 

method required a sampling probe with a stainless steel stop-valve installed on the 

exhaust pipe close to the smoke test point. Then a 3mm TEM copper grid (200 mesh, 

holey carbon film coating) was attached to a grid holder which was inserted parallel to 

Exhaust

Thermophoretic Sampling

TEM Grid

Filter Paper
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the exhaust flow for direct collection of soot particles. The grid holder was connected to 

a step motor which moved the grid holder in and out of the exhaust pipe through the 

stop-valve to allow the hot soot particles to be deposited on the copper grid. The overall 

exposure time of the grid for each sample collection was controlled and set to 1s by the 

step motor. Three samples were taken for each fuel run to ensure the repeatability of the 

subsequent sample analysis. At the completion of the soot sampling, the sample grids 

were detached from the holder and stored in a desiccator for subsequent microscopic 

analysis. 

3.4.2 Droplet Flame Soot Collection 

To ascertain the final state of iron in the catalyst during the combustion process, there is 

a wide range of studies collecting soot particles from different regions of flames, which 

is considered to be more explicit than the soot collection from diesel engines and 

provides with supplementary information (Bonczyk, 1991, Hahn and Charalampopoulos, 

1992, Zhang and Megaridis, 1996, Kim et al, 2008). 

 

 
Figure 3-5 A schematic of the layout of the droplet flame soot collection 

 

In the present work, a single droplet flame model was developed to generate the soot 

particles. These soot particles were subsequently collected from the post-combustion 

regions of single droplet flames of reference diesel, pure FPC, and the FPC treated 

diesel, respectively. During the experimentation, a droplet of each fuel was suspended at 

the tip of a quartz fibre (200±10µm in diameter) under ambient environment and then 

ignited with a smokeless alcohol lamp. To prevent the interference with laboratory air 

currents, the flame was shielded by transparent glass panels. Thermophoretic sampling 
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technique developed for engine soot collection was again used to sample soot particles 

from the sooty region, at the tip of the flame. A schematic of the experimental layout is 

shown in Figure 3-5. The soot samples collected were subjected to appropriate 

microscopic analysis for morphological and compositional information. 

3.5 Analytical Instruments and Techniques 

In order to characterise diesel soot particles and determine the ultimate existence of iron 

in FPC catalyst in the exhausts, a combination of several advanced instruments and 

techniques was employed in the present work. 

3.5.1 Thermogravimetric Analysis (TGA) 

3.5.1.1 Thermal Behaviour of Soot 

The soot samples collected from diesel engines fuelled with the reference diesel and 

FPC treated fuels were subjected to non-isothermal analysis using a thermogravimetric 

analyser (Model SDT-Q600, TA instrument), which allows simultaneous measurements 

of weight loss and heat flow as a function of time or temperature. Following the 

procedures developed by previous researchers (Miyamoto et al, 1988, Stratakis and 

Stamatelos, 2003, Kim et al, 2005, Yorulmaz and Atimtay, 2009), the TGA tests in this 

study were conducted in an atmosphere of ultra-high purity air at the flow rate of 15ml 

min-1. 5.5~6.0mg of a soot sample was loaded in the alumina crucible and heated from 

25°C to 700°C at a heating rate of 10°C min-1. The heating rate selected was sufficiently 

slow so that any variation in the ignition temperature of soot could be observed. 

 

Each sample was analysed three times and the method reproducibility was assured. TG-

DSC (the mass loss and differential scanning calorimetry) and TG-DTG (the differential 

mass loss) curves were obtained to reveal the differences in the key thermal behaviour 

associated with soot from the reference diesel and catalyst treated fuels. 

3.5.1.2 Kinetics of Soot Oxidation 

Based on the raw TGA data, the kinetic parameters of the dry soot oxidation were 

further studied using the standard kinetic rate equation according to the Arrhenius law 

(Stratakis, 2004): 
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−𝑑𝑚
𝑑𝑡

= 𝑘 · 𝑚𝑛 = 𝐴𝑒−𝐸𝑎/𝑅𝑇 𝑚𝑛 (3-8) 

 

where m is the instantaneous mass of a soot sample; t is the reaction time; k is the rate 

constant of the soot oxidative reaction; A and Ea are the Arrhenius pre-exponential 

factor and activation energy; T is the absolute temperature of the soot; n is the reaction 

order and an assumption of n=1 was generally applied for soot oxidation (Dollimore et 

al, 1992, Stratakis and Stamatelos, 2003). A and Ea were calculated from the intercept 

and the slope of the plot of 𝑙𝑛 �− 𝑑𝑚
𝑑𝑡

1
𝑚
� vs. 1/T, respectively. By knowing A and Ea, the 

rate constant k at a specific temperature T can be acquired from the Arrhenius equation 

(𝑘 = 𝐴𝑒−𝐸𝑎/𝑅𝑇 ). 

3.5.2 Scanning Electron Microscopy (SEM) Analysis 

The morphology and elemental information of the soot samples were studied using the 

scanning electron microscopy (SEM). The secondary electrons (SE) detector provides 

the surface details of the sample analysed, while the backscattered electrons (BSE) 

detector provides information on the chemical compositions of the sample. 

Conventional SEM used in conjunction with EDS is capable of analysing the size, 

morphology and elemental composition of the sample on a point-by-point basis.  

 

In the present study, up to 5mg of the bulky soot collected from diesel engine exhausts 

was transferred to a conductive tape on a stub and subsequently examined using a Zeiss 

1555 SEM, which was equipped with the SE, BSE detector and EDS (Oxford 

Instruments). No surface coating is required since the soot sample itself contains carbon 

as the conductive material. The SEM instrument was operated under the accelerating 

voltage of 10-15kV, the working distance of 3-16mm and different magnifications (up 

to 50,000×) for imaging in SE and BSE modes. X-ray EDS compositional analysis was 

carried out under a 10mm working distance and an accelerating voltage of 15kV, 

whereas an integration time of 60s was employed to improve the signal to noise ratio. 

 

The technique with SEM operated under BSE mode was specially developed to locate 

Fe over the selected sections of soot particles. The BSE detector collects backscattered 

electrons from the specimen, which allows phase contrasts to be imaged based upon the 
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backscattering coefficients associated with different atomic number Z values (Reimer, 

1998). In this mode, metals with high Z values show high brightness compared to 

carbon, which enables the determination of the metal elements. 

3.5.3 Transmission Electron Microscopy (TEM) Analysis 

3.5.3.1 Morphology and Particle Size of Primary Soot 

Transmission electron microscopy (TEM) and its associated advanced techniques can 

provide sufficient information on the size, morphological and chemical properties of the 

sample at near-atomic resolutions. After soot collection using the thermophoretic 

sampling technique, the soot sample grids were examined using a JEOL 2100 TEM at 

the accelerating voltage of 120kV to obtain TEM images for further analysis and 

interpretation. In order to reveal the morphological features and the soot particle sizes, 

magnifications in the range of 5000× to 50,000× were used during the observation. The 

TEM images were then processed using the DigitalMicrograph software (Gatan Inc), 

which can directly yield the projected data, including the diameter of primary soot 

particles, the area and the maximum length of soot aggregates. 

 

 
Figure 3-6 A high magnification TEM micrograph (50,000×) of a diesel soot aggregate and 

the spherical primary soot particles 

 

As illustrated in Figure 3-6, the primary particle sizes (Dp) were determined by 

imposing circular outlines over the primary soot isolated on the TEM image. For each 

soot sample, about 1000 primary soot particles were randomly selected from about 50 

TEM images of soot aggregates to acquire an averaged diameter 𝐷𝑝���� of the primary soot. 

This number of soot particles was considered to be sufficient enough to provide a 

statistical result because of the large data sets from different regions of the TEM grids 
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for each soot sample. The method is considered to be more reliable than the commonly 

used measuring instruments such as mobility particle sizers, which need to dilute the 

exhaust gases and thus introduce additional factors such as the dilution ratio (Lee et al, 

2002, Zhu et al, 2005). The standard error of the method developed in the present study 

is only associated with the deviation of the TEM instrument in obtaining the 

microscopic images of soot particles, which is about ±2% of the true value (Tian et al, 

2006, Chandler et al, 2007, Lapuerta et al, 2007). 

3.5.3.2 Fractal Dimension and Particle Size of Soot Aggregate 

Soot aggregates in a wide variety of shapes and sizes are characterised as a mass fractal 

concept, which implies the agglomeration and growth mechanisms of diesel soot 

particles (Koylu et al, 1995). It is well established in the literature (Koylu et al, 1997, 

Neer and Koylu, 2006, Chandler et al, 2007) that the 3-D aggregate sizes and fractal 

dimensions can be extracted from the 2-D TEM images of soot particles. The fractal 

dimension Df can be obtained from the following power-law equation, 

 

𝑁 = 𝑘𝑓 �
𝐷𝑔
𝐷𝑝�����
�
𝐷𝑓

 (3-9) 

 

where N is the number of primary particles in an aggregate, kf is the fractal prefactor, 

Dg is the gyration diameter of an aggregate, 𝐷𝑝���� is the mean primary particle diameter. 

As the maximum aggregate length L is measurable from the TEM images, equation (3-9) 

can be alternatively expressed as follows, 

 

𝑁 = 𝑘𝐿 �
𝐿
𝐷𝑝�����
�
𝐷𝑓

 (3-10) 

 

where kL is a correlation constant and correlates to kf by, 

 

𝑘𝑓
𝑘𝐿

= � 𝐿
𝐷𝑔
�
𝐷𝑓

= �𝐷𝑓+2
𝐷𝑓

�
𝐷𝑓 2⁄

 (3-11) 

 

The number of primary particles N can be estimated from the empirical equation (Koylu 

et al, 1995, Zhu et al, 2005, Chandler et al, 2007), 
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𝑁 = 1.15 �𝐴𝑎
𝐴𝑝�����
�
1.09

 (3-12) 

 

where Aa is the aggregate projected area, 𝐴𝑝���� is the projected area of a single spherical 

primary particle and determined by  𝐴𝑝���� = 𝜋𝐷𝑝����
2

4
 

 

In the present study, the projected area Aa and maximum length L of about 100 

aggregates were directly measured from the TEM images of each soot sample, as 

illustrated in the schematic shown in Figure 3-7. Then the fractal dimension can be 

obtained by calculating the slop of the least-square fit to the double-logarithmic plot of 

N versus 𝐿 𝐷𝑝����⁄  (according to equation 3-10). After the determination of Df for each soot 

sample, the sizes of the soot aggregates were quantified based on their gyration 

diameters Dg, which was calculated from equation 3-11. Hence, the comparisons in 

aggregate size and fractal dimension were made between the soot collected from the 

reference diesel and that from the catalyst treated fuels. 

 

 
Figure 3-7 A schematic diagram illustrating the measurements of the TEM projected data 

of a typical soot aggregate 

3.5.3.3 Electron Energy Loss Spectroscopy (EELS) Analysis 

Electron energy loss spectra (EELS) in conjunction with TEM have been widely applied 

to examine the chemical composition and bonding structures within the carbonaceous 

soot particles. Graphite, carbon black and diesel soot particles (Katrinak et al, 1992, 

Song et al, 2006a, Muller et al, 2006, Al-Qurashi and Boehman, 2008, Knauer et al, 

2009) have been successfully characterised using this technique. In EELS, an electron 

beam of known energy passes through a thin sample and enters the spectrometer, which 

measures the energy loss of the electrons during passage through the sample. The 
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amount of the energy loss is the characteristic of a particular element or bonding 

structure in the sample. 

 

For carbonaceous samples, the carbon K-edge core-loss region in the EEL spectra is 

known to sensitive to the structural change and can be used to determine the degree of 

graphitisation (Katrinak et al, 1992, Chu and Li, 2006, Song et al, 2006a). Figure 3-8 

shows a typical EEL spectrum of diesel soot particles from diesel engines. The spectrum 

shows two distinct peaks. The first peak at lower energy of 285eV is attributed to sp2 

(π*) hybridised carbon bond, as often referred to the “graphite peak” (Al-Qurashi and 

Boehman, 2008). The second peak at higher energy of 292eV is caused by sp3 (σ*) 

hybridised carbon bond. The peak intensity ratio (Iπ*/Iσ*) is proportional to the degree of 

graphitisation of the soot, with higher Iπ*/Iσ* for a more ordered and graphitised sample. 

 

 
Figure 3-8 EEL spectrum of diesel soot particles 

 

 
Figure 3-9 A micrograph showing the area covered by an EELS measurement 
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In the present study, JEOL 2100TEM operated in EELS mode was used to discern the 

variations of carbon bonds within the soot particles from diesel with and without the 

catalyst treatment. The EELS measurements were performed on a circular region 

(0.13µm2) of soot without underlying carbon film, as shown in Figure 3-9. For each soot 

sample, ten spectra were randomly acquired from different regions over the thin sample 

grid. The EEL spectra were recorded using a Gatan Tridiem energy filter with an energy 

resolution of 1.7 eV (full width at half maximum of the zero loss peak) and a dispersion 

rate of 0.1eV per pixel. Data processing was carried out using the DigitalMicrograph 

software with each spectrum background subtracted, and an average of the multiple 

spectra for each soot sample was presented throughout this work. 

3.5.3.4 High-resolution Transmission Electron Microscopy (HRTEM) Analysis 

The soot microstructure and nano-scaled morphology were studied using a JEOL 3000F 

TEM, equipped with a field emission gun with a point resolution of 0.16nm at an 

accelerating voltage of 300kV. With the TEM operated at a magnification of 250,000×, 

high-resolution transmission electron microscopy (HRTEM) images were captured 

using a Gatan 694 MSC digital camera and subsequently processed using the 

DigitalMicrograph software to reveal the interfacial structure and the lattice spacing 

within the soot particles. 

3.5.3.5 Scanning Transmission Electron Microscopy (STEM) Analysis 

The scanning transmission electron microscopy (STEM) provides a rapid means for 

obtaining the elemental composition of the specimen at the sensitivity of atomic levels 

(Crewe, 1974, Cowley, 2005). In the present study, STEM analysis of soot was 

performed with the JEOL 3000F TEM set in the scanning mode and dark-field imaging 

mode in order to identify if there was any elemental iron incorporated in the primary 

soot matrix. The differences in the atomic number Z between metal and carbon allowed 

phase contrasts to be imaged under the dark-field imaging, and then an EDS detector 

(Oxford Instruments) was employed to determine the metal elements when they were 

located on the image. The soot samples from the catalyst treated diesel were examined 

using the above technique and the findings will be reported in Chapter 6. 
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3.5.4 Structural and Compositional Analysis 

3.5.4.1 Fourier Transform Infra-red Spectroscopy (FT-IR) Analysis 

To detect the organic functional groups in the soot from diesel with and without catalyst 

treatment, FT-IR analysis was carried out using a Nicolet 6700 FT-IR spectrometer 

(Thermo Scientific) in the wavelength region of 500-3600cm-1 with a resolution of 

0.09cm-1. To obtain the spectrum with optimum resolution, a KBr pellet was prepared 

with 0.2% wt. of the bulky soot to make a thin and homogenous film, which was 

subsequently examined by the spectrometer. During the measurements, each spectrum 

of the soot was acquired with an accumulation of 100 scans, providing the best signal to 

noise ratio.  

3.5.4.2 Solid State Nuclear Magnetic Resonance (NMR) Analysis 

Additional information on the chemical structures of soot were revealed by the solid 

state 13C cross polarization magic angle spinning (CP/MAS) NMR spectra using a 

Varian 400 NMR spectrometer at a frequency of 100.6MHz. About 100mg of each soot 

sample was packed individually in a cylindrical zirconia rotor with 4mm diameter and 

spun at the magic angle (54.7°C) at 5000 ± 5Hz in a Chemagnetics HX CP/MAS probe. 

Free induction decays (FIDs) were acquired with a sweep width of 50 kHz and about 

2000 data points were collected over an acquisition time of 20ms. By using a 90°C 1H 

pulse with 5.0µs duration, about 5568~8000 scans were performed to obtain the CP 

spectra. All spectra acquired were zero fitted to 8192 data points and processed using a 

50Hz Lorentzian line broadening. The chemical shifts presented in this work were 

externally referenced to adamantane (with the chemical shift at 29.5ppm). 

3.5.4.3 Elemental Analysis 

The soot samples collected from diesel engines were also analysed for their elemental 

compositions. Up to 30mg of each sample was packed into a container and examined 

using a Perkin-Elmer Model 2400 CHN/O elemental analyser for simultaneous 

measurements of carbon, hydrogen, nitrogen and ash. To determine the sulphur contents, 

soot samples were digested in a HNO3-HF mixture and analysed by an iCAP 6500 

inductively coupled plasma- atomic emission spectrometry (ICP-AES, Thermo 

Scientific). Each sample was analysed three times and the method reproducibility was 
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assured. The oxygen content in soot was determined by compositional balance assuming 

a 100% base. 

 

To verify the sources of the metals detected in soot, elemental analyses of the fuel 

supply including diesel oil, lube oil and FPC were carried out using ICP-AES. Each 

sample was analysed three times and the results obtained were quantified against the 

multi-element standard according to ASTM D5185 test method. The elemental 

information acquired was compared and interpreted against the results of SEM-EDS and 

TEM-EDS analyses of soot and reported in great detail in Chapter 6, to form a 

comprehensive evaluation of the fate of iron in the catalyst during diesel combustion 

processes. 

3.6 Summary 

In the present research, the efficacy of the ferrous picrate catalyst in reducing the 

pollutant emissions from diesel combustions was systematically studied using a 

laboratory diesel engine test rig and a large-scale diesel engine facility. The beneficial 

effect of the catalyst in biodiesel combustion was also quantified with the engine 

running under a set of conditions. 

 

Representative soot particles were collected from the exhausts of the combustion of 

reference diesel and catalyst treated fuels in the laboratory diesel engine and a flame 

model, using the filter paper collection method and thermophoretic sampling technique. 

Subsequently, the soot samples were characterised using a combination of several 

advanced and complementary analytical instruments and techniques. They include 

thermal behaviour and oxidation reactivity using TGA, morphology and particle sizes 

using SEM, TEM and associated advanced techniques, chemical structure using FT-IR 

and solid state NMR, compositional property using CHN/O analyser and ICP-AES.  

 

To reveal the role of the catalyst in soot formation during diesel combustion processes, 

the ultimate morphology and state of iron in the catalyst was thoroughly investigated by 

examining the soot particles using SEM-EDS, STEM-EDS and dark-field imaging, as 

well as ICP-AES analysis. 
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Chapter 4 Effect of the Catalyst on Diesel Engine 
Emissions 

4.1 Introduction 

As discussed in Chapter 2, the ferrous picrate homogeneous combustion catalyst, when 

added to diesel fuel at ultra-low ratios, is effective in improving the fuel economies and 

reducing the pollutant emissions from diesel engines. However, the reported data on 

emission reductions were found to be inconsistent and sometimes controversial, which 

necessitates a complete assessment of the engine performances of the catalyst. 

Moreover, with increasing application of biodiesel fuel, there is an urgent need to 

determine if the catalyst has the same beneficial effects in the combustion of these fuels 

in diesel engines. Hence, this chapter is dedicated to investigating the effect of the 

ferrous picrate catalyst in reducing pollutant emissions from diesel engines fuelled with 

diesel and biodiesel fuels. 

 

To confirm and quantify the efficacy of the catalyst in reducing the engine emissions, a 

systematic study was carried out on a laboratory diesel engine and a large-scale diesel 

engine under a wide range of operating conditions. The fuels with and without the 

catalyst treatment were analysed prior to the engine tests to verify if there were any 

alterations in the detailed fuel properties. The diesel and biodiesel used in the study 

were commercial fuels accessible in the market, which makes the research outcomes of 

this study more practically relevant. The experimental and data processing procedures 

were elaborated in Chapter 3, and the results acquired are reported in the sections as 

follows. 

4.2 Effect of the Catalyst on Pollutant Emissions from Diesel 
Combustion in a Laboratory Diesel Engine 

The effect of the ferrous picrate based combustion catalyst in reducing the pollutant 

emissions and fuel consumptions from diesel engines was investigated using a 

laboratory diesel engine test rig. During the experimentation, the catalyst was added to 

diesel fuel at various ratios to form a group of catalyst-diesel mixtures, which along 
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with the untreated diesel (as the reference) were tested under a set of engine speed and 

load conditions. 

4.2.1 Effect of the Catalyst on Diesel Properties 

The reference diesel and the catalyst-diesel mixtures were examined using a range of 

testers for their key properties, including viscosity, density, flash point, pour point, 

sulphur content, distillation temperature and Cetane index. Table 4-1 lists the 

specifications of the fuels tested in this study. It can be seen that there were no 

significant differences in terms of the key properties between the reference diesel and 

the catalyst treated fuels. It can be easily understood because of the extremely low 

catalyst dodages used. This follows that no modifications to the engine systems would 

be required for applying the catalyst treated fuels, nor any adverse effects associated 

with the use of the catalyst would occur to the engine system. Note that the invariant 

Cetane index also means that the ignition delay period would not be significantly 

influenced by the addition of the catalyst. 

 

Table 4-1 Key properties of reference diesel and catalyst treated fuels 

Parameters RD FPC-D 
(1:15000) 

FPC-D 
(1:10000) 

FPC-D 
(1:5000) 

FPC-D 
(1:1000) 

Analytical 
method 

Viscosity 
(cSt at 40°C) 2.03 1.98 2.02 1.99 2.01 ASTM 

D445 
Density 

(kg/m3 at 15°C) 844.5 845.5 845.5 844.0 845.0 ASTM 
D1298 

Flash point (°C) 80 78 81 79 82 ASTM 
D93 

Pour point (°C) -9 -8 -10 -9 -8 ASTM 
D97 

Sulfur content 
(ppm) <15 <15 <15 <15 <15 ASTM 

D1266 
Distillation range 

(°C) 180~360 175~357 177~361 173~360 180~362 ASTM 
D86 

Calculated Cetane 
index (CCI) 48.7 48.5 48.8 48.6 48.8 ASTM 

D4737 
 

For convenience, the reference diesel fuel was denoted as “RD” in the following tables 

and figures in this thesis, while the catalyst treated diesel fuels were abbreviated 

following their dosages, e.g. “FPC-D (1:15000)”, “FPC-D (1:10000)” and so on. 
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4.2.2 Effect of the Catalyst on Pollutant Emissions 

4.2.2.1 Smoke Emission 

Smoke is a most visually noticeable pollutant from diesel engines which provides an 

indication of the emission levels of the particulate matters (PM) (Heywood, 1988). As 

the main substance in PM components, diesel soot is considered to be accountable for 

the smoke opacity and its formation is favoured by incomplete fuel combustion in diesel 

engines (Heywood, 1988, Sayin et al, 2009). Smoke opacity is measured by the 

opacimeter which responses to the relative intensity of light that passes through the 

exhaust and indicates the in-situ PM emission levels. 

 

 
Figure 4-1 Variation of the smoke emissions as a function of engine speed for the five fuels 

tested under full load conditions 

 

Figure 4-1 illustrates the smoke emissions from the reference diesel and FPC catalyst 

treated fuels under full load and various engine speed (2800~3600rpm) conditions. The 

catalyst dosages used were ranged from 1:15000, 1:10000, 1:5000 and 1:1000 (catalyst 

to fuel, vol. /vol.). It is obvious that the smoke levels were drastically suppressed by the 

addition of FPC and the reduction rates were increased with increasing of the catalyst 

dosages, however, levelled off when the catalyst was added greater than the ratio of 

1:5000. By considering the cost-efficiency and the significance of the smoke reductions, 

it was determined that the optimum catalyst dosage was at 1:10000. Under the 

conditions tested, the smoke reduction ratios ranged from 7.3~39.5% among the catalyst 

treated fuels as compared to that of the reference diesel. 
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It is also noted that the catalyst was more effective in reducing the smoke emissions 

when the engine was operated at relatively lower (e.g. 2800rpm) or higher speeds (e.g. 

3400~3600rpm). Typically, at lower engine speeds, the in-cylinder temperature was 

relatively low, which resulted in an incomplete combustion of the fuel and thus the 

heavier smoke emission. While at higher engine speeds, more fuel was injected to the 

combustion chamber and expected to burn in short residence time within the engine 

with a fixed volume (displacement), which also led to an incomplete combustion and 

higher smoke intensity. In line with the present findings, it was obvious that the catalyst 

was more effective in reducing the smoke emissions when the engine was running under 

the more inefficient engine conditions. 

 

Figure 4-2 shows a series of smoke emissions of diesel with and without the catalyst 

treatment with the engine operated under three speeds and four load conditions 

(corresponding to 25%, 50%, 75% and 100% of the maximum load under each specified 

speed). It was seen that the smoke opacity increased with increasing of the engine load, 

regardless if the catalyst was added. It is a known knowledge that at higher engine load 

conditions, more fuel is supplied at each engine cycle to meet the high power 

requirement, leading to an imperfect mixing between the fuel droplets and combustion 

air in the chamber. Therefore, an increase in PM or smoke is expected at higher engine 

loads. 

 

Most interestingly, however, it was found that the smoke emission was dramatically 

suppressed by FPC under all test conditions. The lowest smoke level was obtained at the 

speed of 2800rpm and the load of 0.14 MPa BMEP for the FPC treated diesel (1:10000), 

and it was at 3200rpm and 0.21MPa BMEP for the FPC treated diesel (1:5000), with the 

maximum reduction ratios reaching 39.5% and 38.8% respectively for the two catalyst 

treated fuels. The mean reductions in smoke emissions were at 25.4% and 24.5% for the 

FPC treated diesel at the ratio of 1:10000 and 1:5000, respectively. 
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Figure 4-2 Variation of smoke emissions as a function of engine load for the three fuels at 

different engine speeds: (a) 2800rpm, (b) 3200rpm and (c) 3600rpm 
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et al, 1999, Song et al, 2006b, Miller et al, 2007), and the possible mechanisms of iron 

during soot formation and oxidation processes have been extensively reviewed in 

Chapter 2. The present result confirms that the ferrous picrate catalyst is capable of 

promoting the hydrocarbon fuel combustion and suppressing the soot emissions, and 

therefore the decrease in the smoke level in exhausts. The underlying mechanism of the 

catalyst in affecting the overall soot formation process will be investigated in the next 

chapter through characterisations of the soot particles. 

4.2.2.2 Carbon Monoxide (CO) Emission  

Carbon monoxide (CO) emission is considered as a consequence of incomplete 

combustion of the fuel in diesel engines, especially when oxygen in the local 

combustion zone is insufficient, the combustion temperature is low or with short 

residence time of the fuel in the cylinder (Heywood, 1988). The comparisons of CO 

emissions for the reference diesel and the catalyst treated fuels under various engine 

conditions are plotted in Figure 4-3. It was observed that for the three fuels tested, the 

CO emissions in general tended to decrease with the increasing of the engine loads 

(except at the highest load condition – see below). This is due to the improved fuel 

conversion efficiency and increased combustion temperature at higher engine loads. 

However, CO increased again when the engine was operated at the highest loads of 

0.42MPa BMEP. This can be explained in that, under this highest load condition, in 

order to meet the high power output, a large quantity of the fuel was injected to the 

engine chamber at each engine cycle which could result in poor fuel-air mixing, and 

therefore an increase in the CO emission was observed. 

 

From the set of plots in Figure 4-3, it is clear that the CO levels from the catalyst treated 

fuels are lower than that from the reference diesel under all the conditions tested. The 

CO reductions observed were up to 22.5% for the FPC treated diesel (1:10000) with the 

engine operated at 3200rpm and 0.42MPa BMEP, and up to 21.5% for the FPC treated 

diesel (1:5000) at the same engine condition. The average CO reductions among all the 

test conditions were 14.8% and 13.2% for the FPC treated diesel at the ratio of 1:10000 

and 1:5000, respectively. 
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Figure 4-3 Variation of CO emissions as a function of engine load for the three fuels at 

different engine speeds: (a) 2800 rpm, (b) 3200 rpm and (c) 3600 rpm 
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4.2.2.3 Unburned Hydrocarbon (UHC) Emission  

 
Figure 4-4 Variation of UHC emissions as a function of engine load for the three fuels at 

different engine speeds: (a) 2800rpm, (b) 3200rpm and (c) 3600rpm 
 

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

(a)

 RD
 FPC-D(1:10000)
 FPC-D(1:5000)

n = 2800 rpm

BMEP (MPa)

 U
HC

 e
m

iss
io

n 
(g

/k
W

h)
 

 

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

 U
HC

 e
m

iss
io

n 
(g

/k
W

h)

BMEP (MPa)

(b)

 RD
 FPC-D(1:10000)
 FPC-D(1:5000)

n = 3200 rpm

 

 

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

(c)

 RD
 FPC-D(1:10000)
 FPC-D(1:5000)

n=3600 rpm

UH
C 

em
iss

io
n 

(g
/k

W
h)

 

BMEP (MPa)

80 



Chapter 4 

UHC emission from diesel engines is another parameter for determining the 

completeness of the fuel combustion process (Heywood, 1988). The formation of UHC 

is viewed as the evidence of an inefficient combustion and the factors affecting UHC 

emissions have been discussed in Chapter 2. Typically, in diesel engine combustions, 

the general trend of UHC emissions is to decrease with increasing of the engine loads, 

as depicted in Figure 4-4. This is owing to the improved fuel combustion efficiency, 

together with high fuel conversion efficiency and flame temperature under high load 

conditions.  

 

As shown in Figure 4-4, the UHC emissions from the catalyst treated fuels were always 

lower than that from the reference diesel in all cases, which acts as a fact consistently 

suggesting an enhanced combustion by FPC. Among all the conditions tested, the 

lowest UHC levels of 0.65 g/kWh and 0.64 g/kWh were achieved for the FPC treated 

diesel at the ratio of 1:10000 and 1:5000 respectively, with the engine operated at 2800 

rpm speed and 0.42 MPa BMEP load. The maximum UHC reductions under the 

conditions tested were determined to be 14.5% and 15.3% for the two catalyst treated 

fuels, respectively. The average UHC reductions were found to be 8.7% and 8.4% for 

the two catalyst treated fuels, respectively. The reduced UHC emission is consistent 

with the observations of the lowered smoke, CO emissions, resulting from the improved 

fuel combustion efficiency in the presence of FPC. 

4.2.2.4 Oxides of Nitrogen (NOx) Emission 

NOx are one of the critical emissions from the combustion engines, which contain nitric 

oxides (NO) as the predominant compound and small amounts of nitric dioxide (NO2). 

The formation of NOx from diesel engines is attributed to the oxidation of atmospheric 

nitrogen and mainly promoted by higher peak flame temperature and oxygen content in 

the local combustion zone, as well as the fuel residence time during the combustion in 

diesel engines (Heywood, 1988). 

 

The influence of FPC on NOx emissions at different engine speeds and loads are 

illustrated in Figure 4-5. The NOx emission was found to be slightly elevated for the 

catalyst treated fuels compared to that of the reference diesel under test conditions. The 

maximum NOx emissions were observed to be 9.68 g/kWh for the FPC treated diesel 

(1:10000) and 9.60 g/kWh for the FPC treated diesel (1:5000) in comparison to 8.94 
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g/kWh for the reference diesel, at 2800rpm speed and 0.14 MPa BMEP load. These 

were equivalent to 8.3% and 7.4% increments in the NOx emissions. 

 

 

 

 
Figure 4-5 Variation of NOx emissions as a function of engine load for the three fuels at 

different engine speeds: (a) 2800rpm, (b) 3200rpm and (c) 3600rpm 
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Increased NOx has also been reported by others who applying iron-based catalyst in the 

form of FeCl3 (Kannan et al, 2011) and the Mn/Mg metallic catalysts (Keskin et al, 

2011). It can be explained that the fuel combustion efficiency is improved by the 

catalyst, leading to a higher flame temperature and in-cylinder pressure, which in turn 

resulting in more N2 in the combustion air being oxidised to NOx during the 

combustion in diesel engines (Caton et al, 1991, Keskin et al, 2011). Indeed, it has been 

reported that the addition of the ferrous picrate catalyst to diesel can lead to higher 

burning rates and peak flame temperatures as well as higher peak cylinder pressures and 

faster heat release rates, and therefore higher combustion efficiencies in diesel engines 

(Zhu et al, 2012). 

4.2.2.5 Correlations of NOx versus Smoke, CO and UHC Emissions 

It has been repeatedly observed that in a given diesel engine system, the increased NOx 

emissions are normally accompanied with reduced PM, CO and UHC emissions 

(Heywood, 1988, Lu et al, 2008). This is because the formations of these pollutants are 

highly dependent on the combustion efficiency, where higher combustion efficiency 

accompanies lower PM, CO and UHC while in the meantime leads to higher peak flame 

temperature and thus higher NOx formation, and vice versa (Ishida et al, 2010). 

 

Figure 4-6 presents the respective correlations between NOx and smoke, CO and UHC 

emissions, by plotting all the data points obtained from the above engine tests. The 

emission results of both reference diesel and catalyst treated fuels followed a similar 

trend (as indicated by the trend line in each plot), that is, when the engine was operated 

more efficiently with less smoke, CO and UHC formations, more NOx was produced 

due to the increased combustion efficiencies and higher peak flame temperatures in the 

engine chamber. It can be clearly seen that adding the ferrous picrate catalysts did not 

break the trade-off effect between NOx and the incomplete combustion pollutants. 

However, the benefits of the use of the catalysts in improving the combustion efficiency 

and reducing the pollutant emissions from the engine are clearly evident. 
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Figure 4-6 The correlations between NOx and (a) smoke, (b) CO and (c) UHC emissions 
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4.2.3 Effect of the Catalyst on Fuel Consumptions 

The present research focuses on confirming and quantifying the effect of the ferrous 

picrate catalyst in reducing the pollutant emissions from diesel engines, while the fuel 

consumptions were also measured during the engine tests and discussed in this section 

to provide with supplementary information for a comprehensive evaluation of the 

engine performance of the catalyst. 

 

A comparison of the brake specific fuel consumption (BSFC) between the reference 

diesel and the catalyst treated fuels as a function of engine load at different engine 

speeds, are shown in Figure 4-7. A general trend can be observed that the BSFC was 

decreased with the increasing of the engine loads, which was attributed to the improved 

fuel conversion efficiency under higher load conditions. In other words, this indicated 

that less fuel was burned to produce the same amount of work at higher loads. 

 

In Figure 4-7, the BSFC values for the catalyst treated fuels are shown to be lower than 

that of the reference diesel under all test conditions. The maximum fuel saving of 3.8% 

was achieved for the FPC treated diesel (1:10000) at 2800rpm speed and 0.33MPa 

BMEP load. While for the FPC treated diesel (1:5000), the maximum fuel saving of 3.2% 

was obtained at the engine condition of 3600rpm and 0.21MPa BMEP. Among all the 

conditions, the averaged fuel savings were at 2.5% and 2.3% for the FPC treated diesel 

at the ratio of 1:10000 and 1:5000, respectively. The reduced fuel consumptions were 

attributed to the improved combustion efficiency of the engine by the addition of FPC. 

 

A statistical analysis, using the ANOVA and Turkey-Kramer test methods (Barnes, 

1994), was performed throughout the present study to assess the significance of the 

effect of the catalyst on pollutant emissions and fuel consumptions. A representative 

example of the analysis is documented in Appendix A. The statistical analysis has 

shown that the differences in the emission levels of smoke, CO, UHC and NOx as well 

as the fuel consumptions between the reference diesel and the catalyst treated fuels were 

statistically significant, which in statistics confirmed that the catalyst was able to reduce 

the pollutant emissions (smoke, CO, UHC) and the fuel consumptions from diesel 

engines. 
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Figure 4-7 Variation of the brake specific fuel consumptions (BSFC) as a function of 

engine load for the three fuels at different engine speeds: (a) 2800rpm, (b) 

3200rpm and (c) 3600rpm 
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To sum up, the results in Figures 4-1 to 4-7 have proved that the ferrous picrate 

homogeneous combustion catalyst plays a catalytic role during the combustion process 

of diesel in diesel engines, resulting in enhanced fuel combustion efficiencies with less 

incomplete combustion products (smoke, CO and UHC) and significant fuel savings 

from the engines. 

4.3 Effect of the Catalyst on Pollutant Emissions from Diesel 
Combustion in a Large-scale Diesel Engine 

 

 
Figure 4-8 Variation of CO emissions as a function of engine load for the untreated and 

FPC treated diesel fuels at the engine speed of (a) 1400rpm and (b) 1800rpm 
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model of the heavy-duty engines that the catalyst was mainly applied. Untreated diesel 

as the baseline fuel and the FPC treated diesel at the ratio of 1:10000 were tested, with 

the engine running under two speeds (1400rpm and 1800rpm) and four load conditions 

(corresponding to 25%, 50%, 75% and 100% of the maximum load at each speed). 

Emissions of CO, UHC and NOx were measured and compared between the untreated 

and treated diesel fuels, with the results presented in the following. The smoke emission 

was exempt from the present test because the engine employed was intrinsically 

optimised to the highest efficiency modes with an extremely low level of smoke, which 

was under the detection limit of the smoke opacimeter. 

 

 

 
Figure 4-9 Variation of UHC emissions as a function of engine load for the untreated and 

FPC treated diesel fuels at the engine speed of (a) 1400rpm and (b) 1800rpm 
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Figures 4-8, 4-9 and 4-10 illustrate the CO, UHC and NOx emissions from the untreated 

diesel and the catalyst treated fuels at different engine loads and the speeds of 1400rpm 

and 1800rpm. It is evident that in all test conditions, the use of the catalyst reduced the 

CO and UHC emissions at the cost of a slightly elevated NOx level, which was 

consistent with the observations from the laboratory diesel engine tests.  

 

 

 
Figure 4-10 Variation of NOx emissions as a function of engine load for the untreated and 

FPC treated diesel fuels at the engine speed of (a) 1400rpm and (b) 1800rpm 
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UHC and the slightly elevated NOx emissions associated with the use of the catalyst 

once again confirmed that the ferrous picrate catalyst played a catalytic role and 

improved diesel combustion efficiency in diesel engines. 

 

Table 4-2 Reduction ratios of the pollutant emissions from the catalyst treated diesel in 

comparison to those from the untreated diesel under various engine conditions 

 CO UHC NOx 
Engine 

condition 1400rpm 1800rpm 1400rpm 1800rpm 1400rpm 1800rpm 

25% load 7.3% 14.9% 6.8% 13.3% -1.9%* -2.0% 

50% load 13.8% 20.7% 12.3% 22.8% -4.9% -5.3% 

75% load 6.8% 9.1% 13.5% 5.8% -4.9% -3.5% 

100% load 11.2% 10.0% 4.8% 2.3% -1.6% -1.4% 
Note:*A negative value means the level of the pollutant emission from the catalyst 

treated diesel was higher than that from the untreated diesel. 

4.4 Effect of the Catalyst on Pollutant Emissions from Biodiesel 
Combustion 

4.4.1 Effect of the Catalyst on Biodiesel Properties 

The key properties of the reference diesel, biodiesel with and without FPC were tested, 

with the results tabulated in Table 4-3. Compared to reference diesel, the biodiesel had a 

higher viscosity and density, which may affect the fuel injection and atomisation when 

burning in the engine. A higher flash point was observed for the biodiesel fuel which 

may indicate a lower volatility. The distillation range of the biodiesel was much 

narrower than that of diesel because of the initial boiling point (IBP) of biodiesel being 

higher than that of diesel, in this case, 280°C vs. 177°C. Cetane number of a fuel 

measures the quality of ignition delay, where higher Cetane fuels have shorter ignition 

delay period than lower Cetane fuels (Lapuerta et al, 2008, Xue et al, 2011). The Cetane 

index of biodiesel was higher than that of diesel, being 57.1 compared to 50.1, which 

indicates that a shortened ignition delay should be observed when burning the biodiesel 

in a diesel engine. 
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Table 4-3 Key properties of the reference diesel, biodiesel and catalyst treated biodiesel 

Parameters RD B100 B100+FPC 
(1:10000) 

Analytical 
method 

Viscosity 
(cSt at 40°C) 2.09 3.40 3.40 ASTM D445 

Density 
(kg/m3 at 15°C) 838.5 883.5 883.2 ASTM D1298 

Flash point (°C) 74 101 100 ASTM D93 

Pour point (°C) -15 -1 -1 ASTM D97 

Sulfur content (ppm) <15   ASTM D1266 
Distillation range 

(°C) 177~360 280~366 279~365 ASTM D86 

Calculated Cetane 
index (CCI) 50.1 57.1 57.2 ASTM D4737 

Note: the reference diesel was denoted as “RD”, while the 100% biodiesel and the 

FPC treated biodiesel at the ratio of 1:10000 were abbreviated as “B100” and 

“B100+FPC (1:10000)”, respectively. 

 

It can also be noted from Table 4-3 that the addition of FPC had no significant effect on 

the biodiesel fuel properties, as there was no detectable difference in the main properties 

between the untreated biodiesel and the FPC treated biodiesel. This is reasonable 

because of the extremely low catalyst dosage used and assures that the addition of the 

catalyst would not affect the biodiesel fuel quality. 

4.4.2 Effect of the Catalyst on Pollutant Emissions 

4.4.2.1 Smoke Emission 

Figure 4-11 shows the smoke levels from the test fuels at the engine speed of 3200rpm 

and four load conditions. It can be seen that the smoke opacity from the three fuels all 

increased with the increasing of the engine load. When the biodiesel was applied, 

regardless if FPC was added in the fuel or not, the smoke emission was significantly 

lower under all test points due primarily to the extra oxygen content in the biodiesel 

molecule. It is also noted that a larger reduction in smoke emission was achieved from 

the biodiesel fuel under high load conditions. The reduction ratio of the smoke emission 

from biodiesel was ranged from 11.5~33.4% compared to that of diesel, with the 

maximum ratio obtained at 3200rpm speed and 0.42MPa BMEP load. The observation 
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of a lowered smoke level from biodiesel combustion especially at higher engine loads 

can be explained in that, the oxygen contained in biodiesel may become more effective 

in reducing PM with higher combustion temperature presented in the engine chamber at 

higher loads. Another reason could be due to the absence of the aromatics in biodiesel 

fuels, those being considered as soot precursors, which leads to a dramatic reduction in 

smoke. 

 

 
Figure 4-11 Variation of smoke emissions as a function of engine load for the three fuels at 

the speed of 3200rpm 

 

It was also noted that the smoke emission was further suppressed by the addition of FPC 

under all test conditions. Compared to that from the biodiesel untreated, the smoke from 

the FPC treated biodiesel was reduced by 11.5~24.4%, while it was reduced by 

22.1~41.1% when compared to that from the reference diesel. Following the prior 

findings of the efficacy of FPC in improving the combustion and reducing the pollutant 

emissions from diesel combustions, this proves that the catalyst has the same beneficial 

effect in reducing the smoke emissions from biodiesel combustion in diesel engines. 

4.4.2.2 CO Emission 

Figure 4-12 shows the variation of the brake specific CO emissions from the three fuels 

versus engine loads. The three CO curves in overall display a similar trend that, from 

low to medium load conditions (0.13~0.33MPa BMEP), the CO emission tended to 

decrease with the increasing of the engine load; from medium to high loads 

(0.33~0.42MPa BMEP), the CO emission was increased again. The reason has been 
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sufficiently elucidated in Section 4.2.2.2 where the same trend was observed during the 

combustion of diesel fuel in diesel engines. 

 

 
Figure 4-12 Variation of CO emissions as a function of engine load for the three fuels at 

the speed of 3200rpm 

 

The CO level from the untreated biodiesel was observed to be lower than that of the 

reference diesel under the low and medium load conditions, which was due to the fact 

that extra oxygen content presented in the biodiesel and thus more complete combustion 

than the conventional diesel. However, the CO emission was deteriorated from the load 

of 0.33MPa BMEP and upwards for the biodiesel fuel. This can be explained that the 

air-fuel mixing process was affected by the difficulty of biodiesel atomisation because 

of its higher viscosity and density, together with the fact that relatively less air was 

available when more fuel was injected to the engine cylinder at higher loads, resulting 

in locally fuel-rich mixtures and more CO formation. 

 

The addition of FPC in biodiesel was effective in reducing CO emissions, as lowered 

CO was observed in Figure 4-12 over the load range tested, compared to that of the 

untreated biodiesel. Meanwhile, the trend of the decreased CO from the FPC treated 

biodiesel was more obvious by increasing the engine load. The CO reduction ratio 

ranged from 4.2~17.3%, compared to the untreated biodiesel. The results suggest that 

FPC, acting as combustion catalysts, significantly improves the combustion efficiency 

of biodiesel in diesel engines and is capable of further reducing the incomplete 

combustion pollutants. 
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4.4.2.3 UHC Emission 

As depicted in Figure 4-13, the biodiesel (B100) exhibited drastically lower UHC 

emissions compared to that of reference diesel, with the reduction ratio ranging from 

20.6~36.9% under the test engine conditions. This behaviour was observed to be more 

remarkable at lower engine loads. Reasons for the lowered UHC emission from 

biodiesel combustion, as reviewed by Lapuerta et al (2008), could be: (1) the higher 

oxygen content in biodiesel molecules which leads to more complete combustion; (2) 

the higher Cetane number which reduces the ignition delay and leads to less UHC 

emission; and (3) the advanced ignition timing which is associated with reduced UHC 

formation. 

 

 
Figure 4-13 Variation of UHC emissions as a function of engine load for the three fuels at 

the speed of 3200rpm 

 

It is also noted that the lowered UHC emissions from biodiesel combustion were 

obtained under all test conditions, unlike the CO emission reported in Section 4.4.2.2, 

which was increased again from the medium to high loads. This can be explained by 

that, during biodiesel combustion, UHC is first converted to CO and then to CO2 

provided sufficient oxygen is available in the local combustion zone (Lapuerta et al, 

2008, Jindal et al, 2010, Xue et al, 2011). In the present study, the results of UHC 

emission from biodiesel combustion may provide additional explanations for the 

observation of deteriorated CO under higher load conditions, in that, the oxidation of 

UHC to CO consumes most of the oxygen, leaving less oxygen available for the 

reaction of CO to CO2 and thus leading to higher CO emission at higher loads. 
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Most importantly, a further decrease in the UHC emissions was observed from the FPC 

treated biodiesel, with the reduction ratio ranging from 2.5~3.8% compared to that of 

the untreated biodiesel, and this was equivalent to 22.5~39.2% compared to that of the 

reference diesel. This is consistent with the observations of the reduced smoke and CO 

emissions by FPC, which again implies an improved combustion efficiency of biodiesel 

in diesel engines. 

4.4.2.4 CO2 Emission 

CO2 is a normal product of combustion. In a diesel engine system where the air intake 

volume is set as a constant under a specified speed and load condition, a high CO2 in 

the exhaust is an indication of more complete fuel combustion, provided that the fuel 

supply in each engine cycle is not increasing (Heywood, 1988, Xue et al, 2011). From 

Figure 4-14, it was found that the CO2 emissions from all the three fuels decreased with 

the increasing of the engine load. This was because of the intrinsically improved fuel 

conversion efficiency of diesel engine under high loads (Heywood, 1988). Compared to 

that of the reference diesel, a slightly higher CO2 emission was observed for the 

biodiesel under all test conditions. The increased CO2 is considered to be resulted from 

a combined effect of more complete combustion and increased fuel consumption rate 

(see Figure 4-16 below) due to the lower heating value possessed by the biodiesel fuels 

(Lapuerta et al, 2008, Xue et al, 2011). 

 

 
Figure 4-14 Variation of CO2 emissions as a function of engine load for the three fuels at 

the speed of 3200rpm 
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In Figure 4-14, it is also noted that more CO2 emission was observed when adding FPC 

to biodiesel, with the increment ranging from 0.5~2.5% compared to that of the 

untreated biodiesel. Correlating with the findings of reduced smoke, CO and UHC 

emissions (as well as the reduced fuel consumption shown in Figure 4-16 below) from 

the FPC treated biodiesel, the slight increase in CO2 emission is reasonable and acts as 

evidence consistently indicating an improved biodiesel combustion efficiency by FPC. 

4.4.2.5 NOx Emission 

 
Figure 4-15 Variation of NOx emissions as a function of engine load for the three fuels at 

the speed of 3200rpm 

 

Figure 4-15 shows that, regardless of the engine operating modes, NOx emissions from 

the biodiesel were slightly lower than that of the reference diesel, with the reduction 

ratio ranging from 4.5~8.6%. The decrease in NOx from biodiesel combustion has also 

been reported by many others (Agarwal and Rajamanoharan, 2009, Huang et al, 2010, 

Jindal et al, 2010, Ragit et al, 2010, Kannan et al, 2011). The reasons, as reviewed by 

Lapuerta et al (2008) and Xue et al (2011), were believed to be that: firstly, the 

properties of biodiesel fuels (higher density and viscosity, lower volatility) may have 

influenced the fuel injection and evaporation, and consequently the NOx formation; 

secondly, the higher Cetane number of biodiesel can result in a shortened ignition delay, 

allowing even less time for fuel-air mixing before the premixed combustion phase 

occurs, therefore, leading to a lower thermal NOx formation. The formation of NOx 

from biodiesel combustion in diesel engines is very complex, as this is not 

quantitatively determined by any single fuel property but rather a combination of 
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several interacting mechanisms, whose impacts may tend to reinforce or weaken under 

different engine conditions and fuel specifications. 

 

When FPC was added to biodiesel, the NOx emission was slightly elevated as observed 

from Figure 4-15, being 0.2~4.5% higher than that of the untreated biodiesel. The 

increased NOx is viewed as a result of the enhanced combustion process by FPC, which 

is reasonable by considering the increased CO2 and lowered incomplete combustion 

pollutants, i.e. smoke, CO and UHC. 

4.4.3 Effect of the Catalyst on Fuel Consumptions 

The BSFC of each fuel under the conditions tested were compared in Figure 4-16. The 

three BSFC curves show that the fuel consumption rates decreased with the increasing 

of the engine load, confirming that the fuel conversion efficiency was improved under 

higher load conditions. The BSFC value of biodiesel was clearly higher than that of 

reference diesel, which was due to the lower heating value processed by the biodiesel 

fuels. When FPC was applied, it was evident that the BSFC was remarkably reduced, 

with the ratio ranging from 1.0~2.8% compared to that of the untreated biodiesel. This 

once again shows that the addition of the catalyst further enhances the biodiesel 

combustion in diesel engine and therefore improves the fuel economy. 

 

 
Figure 4-16 Variation of the BSFC as a function of engine load for the three fuels at the 

speed of 3200rpm 
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From Figures 4-11 to 4-16, the findings on the emission characteristics and fuel 

consumptions from biodiesel combustions demonstrate that the ferrous picrate based 

combustion catalyst is effective in promoting the combustion process of biodiesel inside 

the diesel engines, resulting in significant pollutant (smoke, CO and UHC) reductions 

and remarkable fuel savings. 

4.5 Summary 

Based on the results from the preceding discussions, it can be summarised: 

 

The properties of diesel and biodiesel fuels were not altered by the addition of the 

ferrous picrate catalyst due to its extremely low dosages, indicating that the application 

of the catalyst does not require any engine modifications and will not cause any adverse 

effects to the existing engine system. 

 

The ferrous picrate catalyst was effective in reducing up to 39.5% of smoke, 22.5% of 

CO, 15.3% of UHC emissions and saving up to 3.8% of brake specific fuel 

consumptions from diesel combustion in the laboratory diesel engine, under the 

experimental conditions. The NOx emission was slightly elevated by up to 8.3% during 

the tests, which served as additional evidence to confirm the improved diesel 

combustion efficiency by the catalyst. 

 

During the large-scale diesel engine tests, the catalyst treated diesel fuels generated 

remarkably less CO and UHC in the exhausts compared to those from the untreated 

diesel. Under the engine conditions tested, the maximum reduction ratios of CO and 

UHC emissions were observed to be 20.7% and 22.8%, respectively. NOx emission was 

slightly increased by up to 5.3% due to the enhanced combustion process by the catalyst, 

which was in consistency with the findings from the laboratory diesel engine tests. This 

study once again confirms that the catalyst promotes diesel combustion and can be used 

as an effective tool to controlling the pollutant emissions from diesel engines. 

 

Compared to those of the conventional diesel, the combustion of biodiesel in the present 

study produced less smoke, UHC and NOx because of the extra oxygen content and 

higher Cetane number possessed by the biodiesel fuel. Higher CO2 emission was also 
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observed as a consequence of the increased fuel consumption rate from biodiesel 

combustion. With the addition of the catalyst, the smoke, CO and UHC emissions as 

well as the fuel consumptions were reduced by up to 24.4%, 17.3%, 3.8% and 2.8% 

respectively, compared to those from the untreated biodiesel. Slight increases in NOx 

and CO2 emissions were also observed from the catalyst treated biodiesel, which was 

attributed to the improved combustion efficiency of biodiesel by the catalyst. The 

addition of the ferrous picrate catalyst was confirmed to be equally effective in 

promoting the combustion process of alternative biodiesel fuels and capable of 

controlling the pollutant emissions from biodiesel combustion in diesel engines. 

 

 

99 



Chapter 5 

Chapter 5 Effect of the Catalyst on Diesel Soot 
Characteristics 

5.1 Introduction 

The ferrous picrate based combustion catalyst was effective in reducing the pollutant 

emissions and improving the fuel economies from diesel engines, as demonstrated in 

Chapter 4. During the laboratory diesel engine tests, the reduction in smoke emissions 

reached as much as 39.5% with the use of the catalyst under the experimental conditions. 

However, the underlying mechanisms of the working of the catalyst during diesel 

combustion remain unknown. Soot particles, as the major incomplete combustion 

products and the main substances responsible for the smoke, deserve a further and 

systematic study. To the knowledge of the author, this aspect has not been investigated 

by any researcher to date. These carbonaceous soot particles possess complex physical 

and chemical properties, which are closely correlated to the combustion process. A full 

understanding of the characteristics of the soot from diesel engines with the use of the 

catalyst can provide valuable insights into the understanding of the mechanisms of the 

ferrous picrate catalyst in soot formation processes in diesel engines. 

 

In the present study, a combination of several advanced analytical techniques was 

employed to provide quantitative information on the physical and chemical properties of 

the soot particles emitted from a laboratory diesel engine fuelled with diesel with and 

without the catalyst treatment. As detailed in Chapter 3, the thermal behaviour and 

oxidative reactivity of soot was examined using the thermogravimetric analysis (TGA), 

which has been used extensively in studies related to wood pyrolysis and combustion 

(Yorulmaz and Atimtay, 2009), the decompositions and oxidations of coal (Ma et al, 

2006), carbon (Bonnefoy et al, 1994) and diesel soot (Dernaika and Uner, 2003, 

Stratakis and Stamatelos, 2003, Kim et al, 2005, Collura et al, 2005). Transmission 

electron microscopy (TEM) was used to ascertain the nanostructure and particle sizes of 

primary soot and aggregates, as well as the fractal dimensions of soot particles. The 

chemical structures and elemental compositions of soot were analysed using a 

combination of Fourier transform infra-red spectroscopy (FT-IR), solid state nuclear 

magnetic resonance (NMR) spectroscopy and elemental analyser. The morphological, 
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structural and compositional features thus revealed from this study allowed a complete 

characterisation of the soot particles, providing a thorough assessment of the effect of 

the catalyst on diesel soot properties and much improved understanding of the 

mechanisms of the catalyst in soot formation processes during diesel combustion. 

5.2 Soot Oxidative Property 

5.2.1 Thermal Behaviour 

In order to study the soot thermal behaviour, TG-DSC (differential scanning calorimetry) 

analysis was carried out to quantitatively reveal the endothermic and exothermic nature 

of the soot upon heating, while TG-DTG (derivative thermogravimetry) analysis was 

performed to determine the characteristic temperatures and rates of the soot oxidation 

reaction. 

5.2.1.1 TG-DSC 

Figure 5-1 presents the TG-DSC data of the three soot samples collected from the 

engine fuelled with reference diesel and FPC treated fuels at the ratio of 1:10000 

(abbreviated as FPC-D 1:10000) and 1:1000 (abbreviated as FPC-D 1:1000), 

respectively. The engine was maintained under two steady-state conditions, i.e. the 

speed of 2800rpm and 3200rpm with the load set at 0.33MPa BMEP (75% of the 

maximum load under each specified speed). 

 

The TG-DSC curves in both engine conditions demonstrate that the soot generally 

exhibited three characteristic mass loss events within the experimental temperature 

range. The first significant mass loss event occurred at around 150~290°C with about 50% 

mass loss, which was related to the evaporation of volatile organic compounds (VOCs) 

adsorbed on the soot particles. The second major mass loss event was observed at 

approximately 300~500°C accompanied with an exothermic heat peak, which was 

accounted for about 30% mass loss. This could be attributed to the oxidation of heavy 

hydrocarbon compounds attached to the surface of soot particles, such as VOCs, 

unburned hydrocarbons and PAHs (Stratakis and Stamatelos, 2003, Collura et al, 2005, 

Song et al, 2006b). More information can be found in Appendix B, which shows the 

TG-DSC curves of soot under an inert atmosphere (N2) and confirms the above 

statement. Regarding the second mass loss events, it can also be seen from Figure 5-1(a) 
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that under the engine speed of 2800rpm, the soot from the catalyst treated fuels may 

contain less heavy hydrocarbons as indicated by the smaller weight loss and heat release 

values compared to those of the reference diesel soot in this temperature range.  

 

 

 
Figure 5-1 Comparison of the TG-DSC curves (in air atmosphere) of the soot sampled 

from the exhausts of the engine fuelled with reference diesel and catalyst 

treated fuels at (a) 2800rpm, 0.33MPa BMEP and (b) 3200rpm, 0.33MPa 

BMEP 

 

From the two sets of curves in Figure 5-1, the mass loss appeared to be similar between 

the soot from the reference diesel and the FPC treated fuels until 500°C when the major 

heat release was identified from the oxidation of the remaining dry soot particles 

(primarily graphitic carbon). It was noted that the heat release peak was shifted towards 

a lower temperature by increasing the catalyst dosage. The phenomenon was more 

obvious in Figure 5-1(b) with the soot collected under the engine speed of 3200rpm. 
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This third event with ca. 15~20% mass loss occurred at 550~620°C and was caused by 

the oxidation of the dry soot. Finally, there were small quantities of ash residues 

remaining at the conclusion of the TGA tests, accounting for less than 3% of the 

original sample mass. 

5.2.1.2 TG-DTG 

The respective TG-DTG data of the soot collected from the exhausts of the engine at the 

speeds of 2800rpm and 3200rpm are shown in Figure 5-2. The two sets of curves in 

overall demonstrate that there are three peaks (as indicated in the plots) clearly 

observable, corresponding to the three mass loss events discussed in above. The first 

sharp peaks were referred to the light hydrocarbon evaporation and desorption and were 

similar in shapes and peak temperatures at 200~220°C, except that the peaks of the soot 

from the FPC treated fuels were slightly higher than that of the reference diesel soot. 

This suggests that the rate of the light hydrocarbon evaporation and desorption for the 

soot from the FPC treated fuels was slightly faster. The second broad although less 

obvious peaks spread over 450~520°C were considered to be associated with the 

oxidation of a wide range of heavier hydrocarbon compounds attached to the soot 

particles, and thus the slower rates and broader peaks. 

 

It is interesting to note that the DTG curves of soot shown in Figure 5-2 (a) and (b) were 

indistinguishable in the temperature region from 400~500°C until the oxidation of the 

dry soot began at above 500°C. It can be seen that the third sharp peaks at 580~670°C 

show two interesting features, that is, the peak increased height and thus the higher rate 

of oxidation and shifted towards a lower temperature as FPC dosage increased. The two 

sets of DTG curves consistently confirmed that the iron in soot from the catalyst treated 

fuels had no or little effect during the evaporation and oxidation of the adsorbed 

hydrocarbons, but catalytically accelerated the soot oxidation causing the soot to react at 

lower temperatures and at faster rates than the reference diesel soot without iron in it. 
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Figure 5-2 Comparison of the TG-DTG curves (in air atmosphere) of the soot sampled 

from the exhausts of the engine fuelled with reference diesel and catalyst 

treated fuels at (a) 2800rpm, 0.33MPa BMEP and (b) 3200rpm, 0.33MPa 

BMEP 

 

Further analyses of the DTG curves in the region of the dry soot oxidation revealed two 

characteristic temperatures, namely, the peak temperature Tpeak and burnout temperature 

Tburnout. Tpeak represents the temperature at which the maximum rate of mass loss due to 

soot oxidation occurs, and a lower Tpeak indicates an easy ignition (Yorulmaz and 

Atimtay, 2009). Tburnout refers to the temperature at which the oxidation is completed. 

Tpeak and Tburnout values derived from the TG-DTG curves of the corresponding soot 

samples are given in Table 5-1. It is noted that Tpeak and Tburnout of soot from the catalyst 

treated fuels all shifted to lower temperatures by ca. 10~30°C compared to that of the 

reference diesel soot, with the effect being more significant for the group of soot 

obtained at 3200rpm speed. 
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Table 5-1 Peak and burnout temperatures derived from the TG-DTG curves of the soot 

sampled from the exhausts of the engine fuelled with reference diesel and 

catalyst treated fuels 

 2800rpm, 0.33MPa 
(Figure 5-2 a) 

3200rpm, 0.33MPa 
(Figure 5-2 b) 

 Tpeak(°C) Tburnout(°C) Tpeak(°C) Tburnout(°C) 

RD soot 627 668 615 645 

FPC-D (1:10000) soot 622 659 606 635 

FPC-D (1:1000) soot 618 651 590 624 

Note: Tpeak – peak temperature from DTG curve of soot oxidation; Tburnout – burnout 

temperature from DTG curve of soot oxidation. 

 

These results suggest that when the ferrous picrate catalyst was added to diesel, the soot 

became to ignite at a lower temperature and the combustion completed sooner, in other 

words, the oxidation reactivity of soot was increased due to the presence of iron. It has 

been reported that a tiny amount of transitional metals or metal oxides can drastically 

increase the oxidation rate of diesel soot (Stratakis and Stamatelos, 2003, Kim et al, 

2005, Song et al, 2006b). Miyamoto et al (1988) reported that soot from an iron-doped 

fuel displayed a rapid mass loss when subjected to combustion in air. Similarly, 

Bonnefoy et al (1994) attributed the increase in the oxidation reactivity of soot from a 

ferrocene treated diesel to the iron elements presented in soot. The findings from the 

present study are consistent with the literature reports, albeit, different catalysts were 

used. 

5.2.2 Kinetics of Soot Oxidation 

The kinetics of the dry soot oxidation in the temperature range of 500~600°C was 

further studied using the kinetics rate equation and the Arrhenius law, as detailed in 

Chapter 3 under the Section 3.5.1.2. The DTG data of the three soot samples from the 

exhausts of the engine at 3200rpm speed and 0.33MPa BMEP load were analysed to 

seek for explanations for the distinct Tpeak and Tburnout as observed. 

 

The kinetic parameters revealed from calculation are tabulated in Table 5-2. It can be 

seen that the activation energy Ea of the soot from FPC treated fuels were at 240~242 

kJmol-1, which were slightly higher than that of the reference diesel soot at 199 kJmol-1. 
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However, the pre-exponential factor A was in the order of three times higher than that of 

the reference diesel soot, being 1.5×1012 s-1 and 3.4×1012 s-1 in comparison to 3.1×109 s-

1. By knowing Ea and A, the Arrhenius plots of lnk vs. 1000/T for the three soot samples 

are compared in Figure 5-3. It shows that the rate constant k was increased with the 

increasing of the temperature, and more importantly, k was appreciably higher for the 

soot from the catalyst treated fuels than that of the reference diesel soot in the whole 

oxidation process. 

 

Table 5-2 Calculated oxidation kinetic parameters of the soot sampled from the exhausts 

of the engine fuelled with reference diesel and catalyst treated fuels 

Parameter Ea (kJ/mol) A (s-1) 

RD soot 199±3 3.1×109 

FPC-D (1:10000) soot 240±2 1.5×1012 

FPC-D (1:1000) soot 242±2 3.4×1012 
 

 
Figure 5-3 Arrhenius plots for oxidation reactions of soot sampled from the exhausts of 

the engine fuelled with reference diesel and catalyst treated fuels 

5.3 Soot Morphology, Nanostructure and Particle Size 

5.3.1 Soot Morphology and Nanostructure 

Figure 5-4 displays typical TEM micrographs of agglomerated soot particles from diesel 

engines. Specifically, Figure 5-4 (a) shows an image of a soot aggregate at high-

magnifications to visualise the detailed structures. It can be seen that the soot aggregate 

exhibited the so-called grape-like (Fernandes et al, 2003) or chain-like (Manoj et al, 

1.12 1.14 1.16 1.18 1.20 1.22 1.24
-7.5

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

 1000/T (K-1)

ln
k

 RD soot
 FPC-D(1:10000) soot
 FPC-D(1:1000) soot

106 



Chapter 5 

2012) structure and consisted of hundreds of spherical, primary soot particles with fairly 

uniform diameters. In contrast, as the low-magnification image shown in Figure 5-4 (b), 

the soot aggregates had clearly non-uniform sizes and irregular shapes. According to 

Heywood (1988), the non-homogeneous nature of diesel engine combustion leads to the 

formation of soot in different ages which escape from the engine chamber. Thus the 

soot aggregates in various sizes and shapes co-exist in the exhausts. 

 

  
Figure 5-4 TEM micrographs at the magnifications of (a) 50,000× and (b) 5000× of typical 

diesel soot particles from the exhausts of the engine fuelled with reference 

diesel at the speed of 2800rpm and the load of 0.33MPa BMEP 

 

Figure 5-5 displays a series of TEM images of the soot particles from the exhausts of 

the engine fuelled with reference diesel and catalyst treated fuels at 3200rpm speed and 

0.33MPa BMEP load. In comparison, a general trend can be seen that fewer particles 

were deposited on the TEM grids for the soot from FPC treated fuels than that of the 

reference diesel soot, with the sampling parameters kept in constant. This suggests that 

less soot is formed when FPC is added to diesel, which is consistent with the 

observations of the reduced smoke emissions as reported in Chapter 4. 

 

 

(a) (b)
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Figure 5-5 TEM micrographs of soot sampled from the exhausts of the engine fuelled with 

(a) reference diesel, (b) FPC treated diesel (1:10000) and (c) FPC treated diesel 

(1:1000) at the speed of 3200rpm and the load of 0.33MPa BMEP  

 

Figure 5-6 shows the high resolution TEM (HRTEM) images of the primary soot 

particle from diesel with and without the catalyst treatment. It can be clearly seen that 

the primary soot exhibited a classical core-shell nanostructure, in which, long fringes 

were arranged concentrically at the edges and short fringes were randomly oriented in 

the centre. The core in the soot nanostructure was composed of disordered PAHs which 

were reported to act as neclei in soot formation process (Muller et al, 2006, Tree and 

Svensson, 2007). By comparing the images shown in Figure 5-6 (a), (b) and (c), it is 

noted that no significant differences were observed among the soot samples, which all 

exhibited regularly spaced turbostratic graphitic structure with discernible nuclei 

regions in the core area. The lattice spacing was estimated to be of essentially the 

similar averaged value for the three soot samples, being 4.01 Å, 4.00 Å and 4.02 Å 

respectively, which were larger than that of graphite (typical lattice spacing is 3.35 Å) 

(a)

(b)

(c)
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and thus the terminology “turbostratic graphitic structure”. The similar values in lattice 

spacing suggest that the graphitic layers in primary soot microstructure were not 

affected by FPC during the soot nucleation process. 

 

 
Figure 5-6 HRTEM micrographs of primary soot particles from the exhausts of the engine 

fuelled with (a) reference diesel, (b) FPC treated diesel (1:10000) and (c) FPC 

treated diesel (1:1000) at the speed of 3200rpm and the load of 0.33MPa BMEP 

5.3.2 Primary Soot Particle Size and Distribution 

The sizes and distributions of primary soot particles from diesel with and without the 

catalyst treatment were measured according to the method elucidated in Section 3.5.3.1. 

The results are shown in Figures 5-7 and 5-8, corresponding to the two groups of soot 

collected from the exhausts of the engine operated under the specified conditions. 

 

As seen in Figure 5-7 and 5-8, the sizes of primary soot particles from each fuel type all 

displayed typical Gaussian distributions, in agreement with other literature reports (Zhu 

et al, 2005, Neer and Koylu, 2006, Lapuerta et al, 2007). In general, all the average 

diameters 𝐷𝑝���� were around 20~25nm, which is comparable with the 𝐷𝑝���� of typical diesel 

(a)

(b)

(c)
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soot particles ranging from 20~35nm in the literature (Lee et al, 2002, Neer and Koylu, 

2006, Chandler et al, 2007). 

 

 

 

 
Figure 5-7 Size distributions of primary soot particles from the exhausts of the engine 

fuelled with (a) reference diesel, (b) FPC treated diesel (1:10000) and (c) FPC 

treated diesel (1:1000) at the speed of 2800rpm and the load of 0.33MPa BMEP 
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Figure 5-8 Size distributions of primary soot particles from the exhausts of the engine 

fuelled with (a) reference diesel, (b) FPC treated diesel (1:10000) and (c) FPC 

treated diesel (1:1000) at the speed of 3200rpm and the load of 0.33MPa BMEP 
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FPC treated fuels at the ratio of 1:10000 and 1:1000, respectively. It is also worth noting 

that the size distributions of the primary soot particles from the FPC treated fuels were 

relatively narrower and more centred around the middle regions of the particle size 

distributions, compared to that of the reference diesel soot. As shown in Figure 5-8, the 

sizes of the reference diesel soot spread among 10~47.5nm, while the sizes of the soot 

from the two FPC treated fuels narrowed down to 11.5~45nm and 12~42nm, 

respectively. 

 

As reviewed in Chapter 2, the soot formation processes in a typical diesel engine can be 

described as: condensation or polymerisation of the small fragments (acetylene or its 

higher analogues and PAHs) from hydrocarbon fuel pyrolysis forms the early stage soot 

precursors; the precursors undergo several steps including surface growth, coagulation 

and agglomeration to form large soot aggregates; oxidation of the soot particles formed 

(Heywood, 1988, Mansurov, 2005, Wang, 2011). The eventual size of the primary soot 

particles is determined by the competition between the formation and the oxidation 

processes (Glassman, 1988, Xiao et al, 2000, Tree and Svensson, 2007). In the present 

study, the slightly smaller and centrally-distributed primary soot particles from the FPC 

treated fuels are believed to be attributed to FPC as a catalyst either interfering with the 

formation of the soot precursors or accelerating the soot oxidation process in the later 

stage of combustion. Considering the higher oxidative reactivity of the soot from the 

catalyst treated fuels as observed in the TGA tests in Section 5.2, it can be confidently 

stated that the use of FPC can catalytically promote the soot oxidation process. However, 

how the catalyst affects each individual steps in the early soot formation stage requires 

further study, thus the work presented in the following. 

5.3.3 Fractal Dimension and Soot Aggregate Size 

The fractal dimension Df is a crucial parameter to describe the agglomeration and the 

growth mechanisms of diesel soot particles, as introduced in Chapter 3 under the 

Section 3.5.3.2. The calculation of Df involves the average diameter (𝐷𝑝����) and the 

number (N) of the primary soot particles in an aggregate, as well as the maximum length 

(L) of the aggregate. Based on the equations listed in Section 3.5.3.2, the Df can be 

acquired by calculating the slope of the least-square fit to the double-logarithmic plot N 

vs. 𝐿 𝐷𝑝����⁄ .  
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Figure 5-9 Fractal dimensions of primary soot particles from the exhausts of the engine 

fuelled with (a) reference diesel, (b) FPC treated diesel (1:10000) and (c) FPC 

treated diesel (1:1000) at the speed of 2800rpm and the load of 0.33MPa BMEP 
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Figure 5-10 Fractal dimensions of primary soot particles from the exhausts of the engine 

fuelled with (a) reference diesel, (b) FPC treated diesel (1:10000) and (c) FPC 

treated diesel (1:1000) at the speed of 3200rpm and the load of 0.33MPa 

BMEP 
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Figure 5-11 Size distributions of soot aggregates from the exhausts of the engine fuelled 

with (a) reference diesel, (b) FPC treated diesel (1:10000) and (c) FPC treated 

diesel (1:1000) at the speed of 2800rpm and the load of 0.33MPa BMEP 
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Figure 5-12 Size distributions of soot aggregates from the exhausts of the engine fuelled 

with (a) reference diesel, (b) FPC treated diesel (1:10000) and (c) FPC treated 

diesel (1:1000) at the speed of 3200rpm and the load of 0.33MPa BMEP 
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From Figures 5-9 and 5-10, it can be seen that the double-logarithmic distributions of N 

and 𝐿 𝐷𝑝����⁄  yield a perfect linear fit. Moreover, Df of the two sets of soot samples were 

determined to be at similar values of around 2. According to Meakin (1986), Df above 

1.8 implies the soot particles are formed under a cluster-cluster growth mode. In diesel 

engines, the primary soot particles grow by monomer-cluster collisions at the early 

stage of soot formation, due to the presence of a large quantity of monomers from 

hydrocarbon pyrolysis. As the particle agglomeration occurs and consumes most of the 

monomers, the cluster-cluster growth mode dominates the formation of the soot 

aggregates (Lee et al, 2002). In comparison, there were no significant differences in the 

fractal dimensions of the soot from diesel with and without the FPC treatment, 

indicating that the way the soot aggregates were formed remained unaffected by FPC 

addition. 

 

The soot aggregates in various shapes and sizes in diesel exhausts were characterised by 

the gyration diameter Dg, which was calculated by the equations listed in Section 

3.5.3.2. As shown in Figures 5-11 and 5-12, the Dg of all the soot samples was scattered 

among 45~645nm, confirming that the soot aggregates were distributed over a fairly 

wide range.  

 

In Figure 5-11 which shows the soot aggregates collected from the exhausts of the 

engine operated at 2800rpm speed and 0.33MPa BMEP load, the average Dg were 

determined to be 295nm, 283nm and 256nm for the soot from the reference diesel, FPC 

treated fuels at the ratio of 1:10000 and 1:1000, respectively. Statistically, 90% of the 

soot aggregates from the three fuels were below 477nm, 436nm and 378nm in sizes, 

respectively. In Figure 5-12 showing the soot aggregates collected from the exhausts of 

the engine operated at 3200rpm speed and 0.33MPa BMEP load, the average Dg were 

found to be 173nm, 166nm and 153nm corresponding to the soot from the three fuels, 

and 90% of the aggregates were below 311nm, 289nm and 245nm, respectively. 

 

From the data reported in above, it is noted that the all soot aggregates become smaller 

at higher speed conditions due primarily to the improved fuel conversion efficiency 

accompanied with higher combustion temperatures. Considering that the primary soot 

also tended to be smaller under higher speed conditions shown in Section 5.3.2, it can 

be inferred that for the engine employed in this study, the combustion process is more 
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complete at higher speeds which may lead to less hydrocarbon fragments in the 

combustion zone as soot precursors to form primary soot and aggregates, thus the 

smaller primary soot and aggregates in sizes. 

 

Most importantly, the present results demonstrated that at a certain engine condition, 

adding ferrous picrate catalyst to diesel caused smaller primary soot and aggregates, and 

their sizes were further decreased by increasing the catalyst dosage. It was observed in 

Chapter 4 that the use of the catalyst enhanced diesel combustion and saved fuel 

consumption, and it has been reported that the catalyst can lead to a faster heat release 

rate and higher peak cylinder pressure in diesel engine combustion (Zhu et al, 2012). 

Therefore, it can be reasonably postulated that the working of the catalyst may follow a 

mechanism in that, under improved fuel combustion efficiency by the catalyst, 

hydrocarbon fuel fragments burned more completely, leaving less soot precursors to 

form primary soot and aggregates, thus the smaller particles observed. Then in a later 

stage of combustion, the catalyst effectively promoted the soot oxidation process, thus 

the reduced mass soot emissions as indicated by the lower smoke levels in Chapter 4. 

To confirm the proposed mechanism, more evidences on the chemical structures and 

elemental compositions of the soot particles were collected and reported in below. 

5.4 Soot Chemical Structure and Composition 

5.4.1 Chemical Structure 

5.4.1.1 Electron Energy Loss Spectroscopy (EELS) Analysis 

As the method described in Section 3.5.3.2, EEL spectra were obtained to reveal the 

types of the carbon to carbon bonds in the soot particles. In EELS measurements, in 

order to avoid the contamination from the evaporation of the volatiles absorbed on soot 

particles, TEM sample grids were preheated in vacuum at the temperature of 50°C. 

Appendix C details the selection of the optimum heating temperature, at which it should 

be able to not only eliminate the volatiles but also reserve the feature of soot upon 

heating. 

 

The carbon K-ionisation edge EEL spectra of the soot from diesel with and without the 

catalyst treatment are presented in Figure 5-13. It can be seen that the two characteristic 
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peaks are clearly visible from all the soot samples, the sharp presence of the π peak 

(graphite peak) and the broad σ peak. The relative ratio of Iπ*/Iσ* are correlated to the 

degree of graphitisation of the soot, where a higher value indicates a pronounced π 

bonding with a greater graphitic character in the structure. 

 

 
Figure 5-13 EEL spectra of soot sampled from the exhausts of the engine fuelled with 

reference diesel and FPC treated fuels at the speed of 2800rpm and the load of 

0.33MPa BMEP 

 

In Figure 5-13, it is noted that all soot samples possessed similar Iπ*/Iσ* values, being 

0.584±0.007 for the reference diesel soot in comparison to 0.582±0.006 and 

0.580±0.007 for soot from the FPC treated fuels at the ratio of 1:10000 and 1:1000, 

respectively. This suggests that FPC caused no discernible differences in the degree of 

graphitisation of soot. This observation confirms that the soot building units remained 

unaffected by the catalyst addition, consistent with the HRTEM analyses in Section 

5.3.1. 

5.4.1.2 Fourier Transform Infra-red Spectroscopy (FT-IR) Analysis 

Figure 5-14 shows the FT-IR spectra of soot particles from the reference diesel and FPC 

treated fuels under the specified engine condition. The major characteristic signals as 

marked in the spectra are corresponding to the C-H asymmetric and symmetric 

stretching of aliphatic groups at 2953 cm-1, 2923 cm-1 and 2853 cm-1, C-O stretching of 

carbonyl groups at 1700 cm-1, C=C stretching of aromatics and alkenes at 1560 cm-1, 

and aliphatic C-H plane deformation of CH2/CH3 groups at 1450 cm-1 and 1380 cm-1 

(Bellamy, 1975, Santamaria et al, 2010, Hernandez et al, 2012). It is noted that the soot 
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particles from diesel with or without the catalyst treatment all featured similar peak 

patterns over the wavelength range, indicating that the types of organic functional 

groups in the soot particles were not significantly altered by the catalyst. 

 

 
Figure 5-14 FT-IR spectra of soot sampled from the exhausts of the engine fuelled with 

reference diesel and FPC treated fuels at the speed of 2800rpm and the load of 

0.33MPa BMEP 

 

5.4.1.3 Solid State Nuclear Magnetic Resonance (NMR) Spectroscopy Analysis 

 
Figure 5-15 Solid state 13C CP/MAS NMR spectra of soot sampled from the exhausts of 

the engine fuelled with reference diesel and the FPC treated diesel (1:1000) at 

the speed of 2800rpm and the load of 0.33MPa BMEP 
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Soot from the reference diesel and FPC treated diesel (1:1000) were further examined 

by the solid state 13C NMR to discern the proportion of the functional groups. As 

displayed in Figure 5-15, similar CP/MAS NMR spectra were acquired for the two 

types of soot, suggesting that there were no remarkable differences in the chemical 

structures. The strongest peak with chemical shift centred at 30ppm in the spectra was 

attributed to alkyl C, while the peak centred at 131ppm was assigned to aromatic C, 

with the small bands at 75ppm and 180ppm corresponding to the alkyl C-O and 

carbonyl C-O groups, respectively (Jager et al, 1999, Fernandes et al, 2003). 

 

Table 5-3 Distribution of organic functional groups in soot samples as estimated from the 

CP/MAS 13C NMR spectra 

 
Chemical shift (ppm) 

0-50 50-110 110-160 160-200 
 Alkyl C O-alkyl C Aryl C Carbonyl C 

RD soot 37 20 30 13 

FPC-D (1:1000) soot 38 17 30 15 
 

The distribution of the functional groups identified in the CP/MAS NMR spectra was 

estimated by integrating the signal intensities over the characteristic regions, with the 

results shown in Table 5-3. It can be seen that the soot from the FPC treated diesel 

(1:1000) possessed similar amounts of the functional groups to those in the reference 

diesel soot. Note that the NMR results in the present study were of semi-quantitative 

nature. According to the literature (McBeath et al, 2011), the intrinsic uncertainty of the 

analysis was associated with the quantification of the aryl C groups, due to the relatively 

high field (400 MHz) NMR spectrometer employed (Smernik and Oades, 2000). 

Therefore, elemental analysis with high quantitative accuracy was introduced to 

characterise the soot samples. 

5.4.2 Elemental Composition 

The results of the elemental analyses of soot from the reference diesel and FPC treated 

diesel (1:1000) are shown in Table 5-4. There were no significant differences in the N, S 

and ash contents between the two types of soot. However, it is noted that the 

proportions of the elemental H and O were slightly decreased and the elemental C 

increased for the soot from the catalyst treated diesel, resulting in higher C/H and C/O 
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molar ratios compared to those of the reference diesel soot. Typically, the H and O 

contents in soot can be viewed as signs of unburned hydrocarbons and oxygenated 

compounds (e.g. carbonyls, ethers), which are generated as by-products due to 

incomplete fuel combustion (Uner et al, 2005, Santamaria et al, 2010, Salamanca et al, 

2012).  

 

Table 5-4 Elemental compositions of soot sampled from the exhausts of the engine fuelled 

with reference diesel and FPC treated diesel (1:1000) at the speed of 2800rpm 

and the load of 0.33MPa BMEP 

Elements RD soot FPC-D (1:1000) soot 

%wt 

C 82.52 83.52 

H 6.46 5.90 

N 0.50 0.52 

S 0.13 0.18 
1O 10.31 9.80 

Ash 0.08 0.08 
2(C/H)total 1.06 1.18 
2(C/O)total

 10.67 11.36 

Note: 1. O content was determined by the mass difference. 2. Referring to the total 

molar ratios of C/H and C/O in soot. 

 

In the present study, the higher C/H and C/O ratios of the soot from the catalyst treated 

diesel implies that FPC promoted diesel combustion, resulting in improved combustion 

efficiency and therefore fewer unburned hydrocarbons and oxygenated compounds were 

formed and attached to the soot particles. This is also consistent with the TG-DSC 

analysis shown in Figure 5-1 (a) under the Section 5.2.1.1, where smaller weight loss 

was observed in the region corresponding to the evaporation and oxidation of the 

unburned hydrocarbons in soot from the FPC treated fuels, under the same engine 

condition as that in the present analysis. 
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5.5 The Mechanism of the Catalyst in Soot Formation 
Processes 

Summarising the preceding discussions and interpretations of the present observations 

on the soot characteristics, the working mechanisms of the ferrous picrate catalyst in 

soot formation processes in diesel engines were postulated, as illustrated in Figure 5-16. 

 

 
Figure 5-16 A schematic of the mechanisms of FPC in soot formation processes 

 

During diesel combustion, FPC can effectively improve the combustion efficiency, as 

confirmed by the reduced fuel consumption rates observed in Chapter 4 and higher peak 

cylinder pressure and faster heat release rates reported (Zhu et al, 2012). In this 

improved combustion environment, the hydrocarbon fragments from fuel pyrolysis burn 

more completely, leaving fewer soot precursors in the combustion zone and thus leading 

to smaller primary soot and aggregates. In these steps, the formation mechanisms of the 

primary soot and aggregates remain unaffected by the catalyst, as indicated by the 

similar fractal dimensions and functional groups in the soot from diesel with and 

without the FPC treatment. In the later stage of combustion, the catalyst effectively 

promotes the soot oxidation, which is inferred by the lower ignition temperature and 

higher oxidation rates of the soot from the FPC treated fuels. Following the 

aforementioned mechanisms, diesel combustion in the engines is substantially improved 

by the catalyst, resulting in soot particles with higher C/H and C/O ratios and less 

overall soot emissions. 

5.6 Summary 

In this chapter, the effect of a ferrous picrate based homogeneous combustion catalyst 

on the morphological, structural and compositional properties of soot from a diesel 

engine has been extensively examined using a combination of several advanced 
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analytical techniques. The key findings from the present study were summarised as 

below: 

 

Soot particles from the catalyst treated fuels possessed higher oxidative reactivity as 

indicated by the ignition at lower temperatures and at faster oxidation rates than those 

from the reference diesel. The increase in soot reactivity was due to the catalytic effect 

of iron presented in soot from the catalyst treated fuels, as this tendency was more 

remarkable with the increasing of the catalyst dosage. Kinetics analysis revealed an 

increase in the oxidation rate constant k and the pre-exponential factor A for the soot 

from the catalyst treated fuels. 

 

The sizes of both primary soot and aggregates from the catalyst treated diesel were 

found to be smaller and further decreased by increasing the catalyst dosage. The 

nanostructure and fractal dimension remained the same for the soot from the catalyst 

treated fuels compared to those of the reference diesel soot, indicating that the formation 

mechanisms of the primary soot and aggregates remained unaffected by the catalyst. 

Similarities in the degree of graphitisation and chemical structures were also obtained 

between the soot from diesel with and with the catalyst treatment, suggesting that the 

types of carbon bonds and organic functional groups in soot were not significantly 

altered. However, higher C/H and C/O ratios were identified for the soot from the 

catalyst treated diesel, indicating that less unburned hydrocarbons and oxygenated 

compounds were formed and absorbed onto the soot. 

 

A plausible mechanism of the catalyst in soot formation processes in diesel engines was 

proposed, in that, the catalyst promotes the fuel combustion, leaving less hydrocarbon 

fragments to form soot precursors, thus the smaller primary soot and aggregates. In the 

later stage of combustion, the catalyst actively accelerates the soot oxidation process. As 

a result of the improved combustion, the soot showed higher C/H and C/O ratios and 

was reduced in the overall emission. In the next chapter, an extended study was 

performed to investigate the ultimate fate of iron in the catalyst during diesel 

combustion, which provided additional evidence in confirming the mechanisms of the 

ferrous picrate catalyst in soot formation processes as proposed. 
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Chapter 6 Understanding the Fate of Iron in Catalyst 
during Diesel Combustion 

6.1 Introduction 

In the last two chapters, the ferrous picrate based combustion catalyst concerned in this 

thesis work has been demonstrated with the capability of reducing the pollutant 

emissions and saving fuel consumptions, as well as affecting the soot formation and 

oxidation processes and resulting in smaller soot particles with higher oxidative 

reactivity. A plausible catalytic mechanism was proposed in the last chapter that, the 

catalyst promoted hydrocarbon fuel combustion leaving less hydrocarbon fragments to 

form soot precursors thus the smaller primary soot and aggregates; in the later stage of 

combustion, the catalyst accelerated soot oxidation leading to less overall soot 

emissions. However, the knowledge of the fate of iron in the ferrous picrate catalyst 

during diesel combustion and soot formation processes remains unknown, which should 

be reasonably sought after to provide vital information as inputs to and a means for the 

verification of the mechanisms of the catalyst as proposed. 

 

In this chapter, the main objective is to investigate how the iron in the ferrous picrate 

catalyst emitted in the exhausts after catalysing the diesel combustion process. To this 

end, the study entailed doping the fuel supply with ferrous picrate to introduce 

additional iron and using a droplet flame model and a laboratory diesel engine to 

generate the soot particles. Samples of these soot particles were collected and analysed 

using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

in conjunction with the energy-dispersive X-ray spectroscopy (EDS). The outcomes of 

this chapter have substantiated the transformation of the Fe species in the catalyst in 

diesel combustion process, and provided substantial evidence to further the 

understanding of the interaction and evolution mechanisms of the catalyst in the overall 

soot formation process. 

6.2 Iron in Droplet Flame Fumes 

As detailed in Section 3.4.2, soot particles were sampled from the flame fumes of single 

droplets of reference diesel, pure FPC catalyst and the FPC treated diesel at the higher 
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dosage 1:1000, respectively. These soot samples were examined by SEM-EDS with 

secondary electrons (SE) and backscattered electrons (BSE) detectors for morphological 

and elemental information.  

 

 
Figure 6-1 An SEM micrograph of a typical soot aggregate from burning the droplet of 

reference diesel (no FPC doping) 

 

  
Figure 6-2 SEM micrographs of iron oxide particles from burning the droplet of pure FPC 

catalyst with (a) low magnification and (b) high magnification as an enlarged 

image 

 

The particles from burning the single droplet of reference diesel were mostly soot 

clusters or aggregates which were formed by the agglomeration of hundreds of primary 

soot particles, as the typical image of these soot aggregates shown in Figure 6-1. 

Interestingly, in the fumes from burning the droplet of pure FPC catalyst, distinct 

spherical particles with diameters of ca. 10~15µm were observed as shown by the SEM 

images in Figure 6-2, which were very obvious among the soot aggregates in the 

surrounding areas. The subsequent SEM-EDS elemental mapping shown in Figure 6-3 

(a) (b)
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revealed the electron transmissions of Fe Kα1 and O Kα1 lines, confirming that the 

particles were exclusively composed of iron oxide. 

 

  
Figure 6-3 SEM-EDS elemental mapping of the particle shown in Figure 6-2 with the 

elemental distribution of (a) Fe Kα1 and (b) O Kα1 

 

 
Figure 6-4 An SEM micrograph of soot particles from burning the droplet of the FPC 

treated diesel 

 

When examining the soot particles from the droplet flames of the FPC treated diesel, the 

distinct spherical feature was no longer observable. Instead, small chunks were 

identified with ca. 3~5µm in diameter and in irregular shapes, as displayed in Figure 6-4. 

Two representative spots were randomly selected from the chunk particle and examined 

by SEM-EDS, with the corresponding spectra shown in Figure 6-5. Without the 

background signals subtracted, there were peaks of carbon and copper as the carbon-

coated copper grid was used, albeit the carbon signal could be partially collected from 

the carbonaceous soot in the spot area. Silicon was an impurity in the substrate material 

thus the silicon peak presented in each EDS spectrum. Spot a and b showed very 

(a) Fe Kα1 (b) O Kα1

a 

b
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remarkable signals of Fe and O, indicating that the small chunk particle was composed 

of iron oxide. 

 

 

 
Figure 6-5 The corresponding EDS spectra for the spots marked as a and b in Figure 6-4 

 

Compared to the spherical iron oxide particles shown in Figure 6-2, the present 

observation of small iron oxide chunks visualised the involvement of the catalyst in 

diesel combustion process and thus changed the eventual features and sizes of the iron 

oxide particles. This also suggests that iron in FPC condenses from the burnt gas phase 

in the post-flame region where the exhaust particles in the present study sampled, and 

coagulates together to form self-nucleated iron oxide particles. The observation of iron 

oxide from the droplet flame fumes is consistent with the published studies involving 

iron-based combustion catalysts in various forms (Zhang and Megaridis, 1994, Kasper 

et al, 1999, Skillas et al, 2000, Song et al, 2006b, Hahn et al, 2008), collectively 

demonstrating that the iron-based catalysts applied in flames tend to form iron oxide 

particles after catalysing the fuel combustion process. 
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6.3 Iron in Diesel Engine Exhausts 

As an alternative approach, particles from diesel engine exhausts were collected with 

the engine operated under the speed of 2800rpm and the load of 0.33MPa BMEP and 

fuelled with reference diesel and the FPC treated diesel at the higher dosage 1:1000, as 

elucidated in Section 3.4.1. SEM and TEM analyses were carried out to reveal the 

ultimate state of iron in the soot particles. 

6.3.1 SEM Analysis 

The particles collected from diesel engine exhausts were mainly clusters of 

carbonaceous soot, as the micrographs shown in Figure 6-6. In general, the samples 

from diesel with or without the catalyst treatment all contained spherical-shaped 

primary soot particles with 20~30nm in diameter, which spatially agglomerated together 

to form large soot aggregates or clusters. There were no observable differences in the 

surface morphology discerned from the two soot samples. 

 

  
Figure 6-6 SEM micrographs of typical soot particles from diesel engine fuelled with (a) 

reference diesel and (b) FPC treated diesel 

 

The soot particles from diesel with and without catalyst treatment were examined by 

EDS and SEM under the BSE mode to search for elemental iron, following the 

technique illustrated in Section 3.5.2. Results showed that no detectable signal of Fe 

was found in the soot from the reference diesel. Howbeit, for the soot from the FPC 

treated diesel, elements heavier than carbon were captured, as the micrograph displayed 

in Figure 6-7. It can be clearly seen that the clusters of soot aggregates showed a grey-

coloured carbon background in the micrograph, while bright dots scattered among the 

grey soot backgrounds represented heavier elements than carbon. Three spots (circled as 
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a, b and c in Figure 6-7) containing the bright dots were randomly selected and analysed 

by EDS, with the corresponding spectra shown in Figure 6-8. 

 

 
Figure 6-7 An SEM micrograph of soot particles from diesel engine fuelled with the FPC 

treated diesel 

 

It can be noted from Figure 6-8 that the Fe peak was distinctly observable from the three 

spots, indicating that these bright dots were essentially iron-containing particles. This 

finding evidently confirms the postulation in Section 5.2.1.2 that the higher oxidative 

reactivity of soot from the FPC treated diesel was attributed to the presence of iron in 

the soot. The spot c where high Fe signal was captured was further examined under the 

SE detector and a higher magnification for the surface morphology. As marked out by 

the arrow in Figure 6-9, it was found that the Fe-containing particle in spot c featured a 

smooth surface and round edge (ca. 2 µm in diameter) and was tangled with the 

surrounding soot clusters. The particles with the aforementioned distinctive features 

were therefore named as iron-decorated soot particles in this thesis work. 

 

It can also be noted from the EDS spectra in Figure 6-8 that the three spots showed 

various elemental signals other than iron. To identify the sources of these elements 

presented in soot, the fuel supply including diesel oil, lube oil and FPC were analysed 

using the inductively coupled plasma- atomic emission spectrometry (ICP-AES) for 

elemental information. From the analytical results shown in Table 6-1, it is obvious that 

there were virtually no measurable metals and inorganics contained in the diesel oil, 

while lube oil showed higher concentrations of Ca, Zn and P. FPC mainly consisted of 

Fe with trace amounts of P, Zn and Ca. In correlation with Figure 6-8, it can be inferred 

that the Fe detected in soot was mainly stemmed from FPC, while other elements found 

in the spot area were contaminants from the lube oil. 
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Figure 6-8 The corresponding EDS spectra for the spots marked as a, b, c in Figure 6-7 
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Figure 6-9 An SEM micrograph for the spot c marked in Figure 6-7 at high magnification 

 

Table 6-1 Elemental compositions of diesel oil, lube oil and FPC  

Metal contents (ppm) Diesel oil Lube oil FPC catalyst 

Fe < 1 1 244 
Ca < 1 2574 22 
Na < 1 < 1 4 
Zn < 1 1067 41 
Cu < 1 1 3 
P < 1 921 76 
K < 1 2 1 

Mg < 1 1 7 
 

It is interesting to note that, in comparison with the self-nucleated iron oxide particles 

observed in the droplet flame fumes, the distinctive feature of iron-decorated soot 

particles from the engine exhausts clearly suggests an alternative interaction mechanism 

of iron and soot during the combustion process. As reviewed in Chapter 2, there is a 

close correlation between the morphology of the metal particles derived from the 

addition of metal-based combustion catalysts and the relative amount of the catalyst and 

soot species presented in the combustion environment. In general, it tends to form self-

nucleated metal oxides when there are more catalyst species (higher dosage) in the 

combustion phase or the engine is operated under conditions with lower soot emissions; 

while metal-containing particles are found to be decorated on the surface of soot when 

there are less metal species in the combustion phase, i.e. lower catalyst doping or the 

engine conditions with higher soot levels (Burtscher et al, 1998, Skillas et al, 2000, 

Jung et al, 2005, Lee et al, 2006a, Miller et al, 2007). 
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In this study, the droplet flame burned spontaneously in the ambient environment, 

however, the combustion in diesel engine was much more complicated and far less 

complete with relatively high soot formations. It can be inferred that there is a 

substantial difference between the two systems in terms of the combustion environment 

and the gas-phase species in the combustion zone. During the droplet flame combustion, 

the iron atoms derived from FPC would have condensed from the hot combustion gas 

phase and form the iron oxide particles. On the other hand, during diesel engine 

combustion, the iron atoms would have collided with other gas-phase species existing in 

the local areas and formed iron-decorated soot particles to be emitted with the engine 

exhausts. Therefore, the two distinct morphologies were observed in the present study. 

6.3.2 TEM Analysis 

In order to discern if there was any elemental iron incorporated in the primary soot 

matrix, the soot particles from the FPC treated diesel were further examined with the 

JEOL 3000F TEM operated in scanning mode (STEM) and dark-field imaging mode, as 

detailed in Section 3.5.3.5. The STEM and dark-field imaging allowed phase contrast if 

heavier elements than carbon were detected. Once the metal was located on the image, 

the EDS detector was employed to reveal the elemental information. 

 

 
Figure 6-10 An STEM micrograph of typical primary soot particles in a soot aggregate 

from diesel engine fuelled with FPC treated diesel 

 

Figure 6-10 shows the dark-field STEM image of the primary soot in a typical soot 

aggregate from the FPC treated fuel. It can be seen that the sample displayed a fairly 

uniform phase contrast, indicating the carbonaceous nature of soot particles. The EDS 
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analysis of the sample confirmed that the primary soot matrix mainly contained carbon 

with no appearance of iron. The brighter region in the image was due to the overlapping 

of the primary soot particles. 

 

Additionally, EELS analysis was performed on the soot from the FPC treated diesel to 

search for Fe in its microstructure. Theoretically, in the core-loss region of the EEL 

spectrum of an iron-containing particle, two characteristic peaks should be notable at 

708eV and 720eV respectively, corresponding to Fe L3 and Fe L2 ionisation edges 

(Browning et al, 1997, Gloter et al, 2004). As a reference, Figure 6-11 (a) displays the 

EEL spectrum of the iron oxide particle reported in the literature (Song et al, 2006b) 

which used a bimetallic Fe/Sr catalyst in diesel combustion. However, as shown in 

Figure 6-11 (b), the EEL spectrum of the soot in the present study revealed that no Fe 

peak was observable in the core loss region, which again proves the absence of Fe in the 

primary soot structure. 

 

 

 
Figure 6-11 EEL spectra of (a) Fe L2,3 edges of the iron oxide particles in soot (Song et al, 

2006b) and (b) Fe core-loss region of the soot particles in the present study 
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During the experimentation, all the sample grids collected were carefully examined by 

STEM and EELS with 50 regions randomly selected on each grid, and the results 

consistently showed that no Fe signals were detected in any primary soot matrix of the 

FPC treated diesel. As reviewed in Chapter 2 under the Section 2.5.2, the studies of the 

ferrocene addition in hydrocarbon combustions (Zhang and Megaridis, 1994, Zhang and 

Megaridis, 1996, Kasper et al, 1998, Kasper et al, 1999, Hirasawa et al, 2004) have 

reported that elemental iron was found to be incorporated in the primary soot matrix. It 

has been claimed that the Fe acted as condensation nuclei and induced the early soot 

inception. In comparison, the absence of Fe among the primary soot particles suggests 

that iron in the ferrous picrate catalyst may not directly interact with the nucleation of 

the primary soot and thus are not included in the soot microstructure. 

 

The observations under both SEM and TEM verify that in diesel engine combustion, 

iron derived from FPC was emitted together with the mature soot, without directly 

affecting the mechanisms of the initial formation of the primary soot particles. However, 

the iron-decorated particles have further catalytic activity to allow soot to be oxidised at 

lower temperatures and at faster oxidation rates, as confirmed by the TGA tests in 

Chapter 5. The formation pathway of these iron-decorated soot particles is postulated 

and described below, which can shed light on the interaction mechanism of iron and 

soot during the combustion processes in diesel engines. 

6.3.3 The Formation Pathway for Iron-decorated Soot 

 
Figure 6-12 A schematic showing the formations of iron-decorated soot particles in soot 

formation processes during diesel combustion 

 

Summarising the aforementioned discussion and interpretation of the present results, 

along with those reported in the literature, a plausible formation pathway has been 

Liquid fuel Fuel droplet Iron atom

Primary particles Aggregates

Smaller primary soot and aggregates
Less overall soot emission

Soot Iron-decorated soot

Fuel droplet burns more completely
Less unburned hydrocarbon fragments
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proposed for the iron-decorated soot particles observed in engine exhausts, as 

schematically shown in Figure 6-12. 

 

At the commencement of combustion, the catalyst treated diesel fuel is injected into the 

combustion chamber at a high temperature and pressure. According to the theory of the 

quasi-steady state combustion in direct-injection diesel engines, a plume of fuel vapours 

with the temperature inside up to 1600K is readily formed (Flynn et al, 1999). The 

ferrous picrate decomposes at 523K (Zhu et al, 2013), so it is reasonably deduced that 

the FPC thermally and rapidly decomposes and ejects Fe atoms into the flame while the 

fuel droplet vaporises. The released Fe atoms enhance the hydrocarbon combustion, 

resulting in a higher peak cylinder pressure and faster heat release rate in the chamber 

(Zhu et al, 2012). In this improved combustion environment, the gas-phase hydrocarbon 

fragments burn more completely and form fewer soot precursor, leading to smaller 

primary soot and aggregate particles. In the later stage of combustion, the catalyst 

effectively accelerates the soot oxidation process, which is inferred by the lower 

ignition temperatures and higher oxidation rates associated with the soot from the FPC 

treated fuels. 

 

Towards the end of the combustion cycle, the Fe atoms condense from the burnt gas 

phase and form iron-decorated soot particles which were adsorbed onto the surface of 

large soot aggregates, as displayed in Figures 6-7 and 6-9. Following the 

aforementioned mechanisms, the fuel combustion in a diesel engine is substantially 

promoted by the ferrous picrate catalyst, resulting in lower fuel consumptions and less 

overall soot emissions, as confirmed in prior engine testes in Chapter 4.  

6.4 Summary 

A combination of several advanced microscopic characterisation techniques including 

SEM with SE and BSE detectors, STEM, dark-field imaging and EDS analysis were 

successfully applied to investigate the ultimate fate of iron in the ferrous picrate based 

homogeneous combustion catalyst during diesel combustion processes.  

 

Results showed that the self-nucleated iron oxide particles were formed in the flame 

fumes of the single droplets of the FPC treated diesel. The iron from FPC was 

136 



Chapter 6 

transformed to iron-decorated soot particles and highly dispersed on the surface of large 

soot aggregates in diesel engine exhausts. These observations corroborate that the 

ultimate morphology of iron is dependent on the local combustion environment. 

Furthermore, the analysis revealed no sign of iron among the carbonaceous matrix of 

the primary soot from the FPC treated diesel, indicating that the catalyst did not 

intrusively affect the early nucleation of the primary soot during the soot formation 

process. 

 

The mechanism of the evolution of iron in the ferrous picrate catalyst during diesel 

engine combustion was therefore proposed, in that, upon the decomposition of the 

catalyst, Fe atoms are released to the combustion phase to promote the hydrocarbon 

combustion and subsequently accelerate the soot oxidation without directly affecting the 

primary soot formations, resulting in smaller primary soot and aggregates as well as less 

soot emissions. At the final stage of combustion, iron atoms condense from the hot 

burnt gas to form coagulated iron-decorated soot particles to become exhausts. This 

postulation provides a plausible interpretation of the mechanisms of the catalyst in 

improving the fuel combustion efficiency and reducing the overall soot emissions in 

diesel engines. 
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Chapter 7 Evaluation and Practical Implications of the 
Present Research 

7.1 Introduction 

In this chapter, the findings from Chapter 4 to Chapter 6 are evaluated with the practical 

implications assessed, benchmarking against the specific objectives set out in Chapter 2. 

It has been reported that the homogeneous combustion catalysts are effective in 

reducing pollutant emissions and improving fuel economies from diesel engines when 

added at ultra-low ratios. However, there is a lack of systematic investigations into the 

use of a novel ferrous picrate based catalyst in terms of its effect on engine 

performances. The objectives of the present research have been set to study the effect of 

the ferrous picrate catalyst on diesel engine emissions and diesel soot characteristics, the 

ultimate fate of iron in the catalyst after catalysing the combustion process, as well as to 

reveal the mechanisms of the catalyst in diesel soot formation during the combustion 

processes in diesel engines. The present evaluation mainly contains three parts, with the 

findings from each part compared against the literature data where appropriate. New 

research gaps will also be identified, leading to the recommendations for future work. 

7.2 Effect of the Catalyst on Diesel Engine Emissions 

In the present study, the effect of the ferrous picrate catalyst on fuel properties has been 

examined prior to the engine tests. The key parameters tested include viscosity, density, 

pour point, flash point, sulphur content, distillation temperature and Cetane index of the 

fuel. It has been found that the addition of the catalyst has minimal effect on these key 

properties of diesel and biodiesel fuels. As reviewed in Chapter 2, many researchers 

(Yang et al, 1998, Valentine et al, 2000, Jelles et al, 2001, Jung et al, 2005, Song et al, 

2006b, Marsh et al, 2007, Okuda et al, 2009) have reported the unchanged fuel 

properties by metal-based homogeneous combustion catalysts, due to their extremely 

low dosages. The present finding agrees well with the literature and implies that the 

ferrous picrate catalyst is practically ready to use without any modifications required to 

the engine, and also indicates that the addition of the catalyst would have no adverse 

impacts on the engine parts and running conditions. 
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The study of the effect of the catalyst on pollutant emissions from a laboratory diesel 

engine has shown that the catalyst was capable of reducing the incomplete combustion 

pollutants and saving fuel consumptions through enhancing the diesel combustion 

efficiency. Under the engine conditions tested, it was found that the smoke, CO and 

UHC emissions were reduced by up to 39.5%, 22.5% and 15.3% at the cost of 8.3% 

increase in the NOx emission, with the use of the catalyst. The increased NOx is 

considered to be a consequence of the improved combustion efficiency by the catalyst. 

The brake specific fuel consumption was found to be reduced by up to 3.8%, which is 

within the maximum of 4.2% in fuel savings as reported by Zhu et al (2012) using the 

same engine model. The emission reductions obtained from the present study were 

compared against the literature data, as shown in Table 7-1. It can be seen that the 

present findings on the reduced smoke, CO and UHC as well as the elevated NOx are 

more comprehensive than the reported data because of the systematic tests carried out in 

this study. These data consistently confirmed that the ferrous picrate catalyst is effective 

in reducing the pollutant (smoke, CO and UHC) emissions regardless of the engine type, 

consistent with the literature reports. 

 

The results from the present research have profound implications in the application of 

the ferrous picrate catalyst in diesel engines. In this study, a series of test programs has 

been developed to allow the effect of the catalyst to be assessed against various 

controlled parameters, including engine speed, load and catalyst dosage. It has been 

found that the efficacy of the catalyst in emission reductions varied under different 

experimental conditions, and was more prominent at inefficient engine modes. In 

combination with the literature data, the present findings have provided an interpretation 

for the scattered ratios of the pollutant reductions, in that, the significance of the 

catalytic effect of the ferrous picrate is dependent on the engine type, running condition 

and catalyst dosage.  
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Table 7-1 Comparison of the present results against the literature data on the emission reductions from various diesel engines with the use of the ferrous 

picrate catalyst 

References Engine model 
Emission reductions Comments 

CO UHC NOx Smoke  

Carlson (1982) Chevrolet 8-cylinder 
engine 8.1~25.9% 1.3~8.2% -2~-8%  Tests were performed with the engine run after 

1500 and 3000 miles. 

Parsons and Germane 
(1983) Ford 8-cylinder engine 17% 24% -3%  Tests were performed under a steady-state engine 

condition. 

Petroli (1994) FIAT Ducato van 14% 33% -30% 12% Tests were performed with the engine run after an 
accumulated mileage of 5000km. 

UHI (1994) 149DT engine in haul 
truck 15%   12.5~37.5% Tests were performed with the engine run under 

steady-state conditions. 

Present study 

YANMAR single 
cylinder engine 7.5~22.5% 5.6~15.3% -3.0~-8.3% 7.3~39.5% Tests were performed with the engine run under 

three speeds and four load conditions. 

CAT 6-cylinder engine 6.8~20.7% 2.3~22.8% -1.4~-5.3%  Tests were performed with the engine run under 
two speeds and four load conditions. 
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Table 7-2 Comparison of the potentials in emission reductions from various emission control techniques 

Emission control techniques Smoke CO UHC NOx References 

Engine design 

Homogeneous charged 
compression ignition 

(HCCI) 
Decrease 80% Increase 40% Increase 50% Decrease 90% (Garcia et al, 2009) 

Injection timing 
retardation Increase 6% Increase 29% Increase 19% Decrease 28% (Sayin et al, 2009) 

(Park et al, 2011) 

Post-combustion 
treatment device 

Diesel particulate filter 
(DPF) Decrease 73% Decrease 80% Decrease 83% Increase 3.5% (Liu et al, 2011) 

Exhaust gas 
recirculation (EGR) Increase 30% Increase 40% Increase 22% Decrease 40% (Agarwal et al, 2011) 

Oxygenated 
alternative fuel 

Ethanol Decrease 40% Decrease 5% Increase 20% Decrease 8% (Rakopoulos et al, 2007) 

Methanol Decrease 15% Decrease 40% Decrease 35% Increase 39% (Sayin et al, 2010) 

Combustion catalyst Ferrous picrate Decrease 39.5% Decrease 22.5% Decrease 15.3% Increase 8.3% Present study 
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In the present study, the reductions in pollutant emissions gained by the use of the 

catalyst have also been quantified on a large-scale diesel engine, which represents the 

typical heavy-duty engines that the catalyst is meant to be applied. As shown in Table 7-

1, the reduction ratios in CO and UHC as well as the increment in NOx are within the 

same ranges as those obtained from the laboratory diesel engine tests, confidently 

confirming that the catalyst is able to improve the fuel combustion efficiencies and 

reduce the incomplete combustion pollutants from heavy-duty engines. 

 

The potentials of the ferrous picrate catalyst in emission reductions were also compared 

with other emission control techniques found in the literature, as summarised in Table 

7-2. It is noted that in most cases, the efficacy of a technique is restricted by the trade-

off effect between NOx and the incomplete combustion pollutants, where the strategy to 

reduce NOx may result in the increments in smoke, CO and UHC emissions, and vice 

versa. By examining the data in Table 7-2, it can be seen that the DPF and ferrous 

picrate are the two promising techniques which can significantly reduce smoke, CO and 

UHC while with moderate increment in NOx. However, the efficiency of the DPF 

declines over time unless a continuous regeneration is realised (Liu et al, 2011). 

Moreover, the emission control strategies by modifying the engine design and installing 

the post-combustion treatment devices require additional costs and take longer time to 

fully implement due to the slow fleet turnover. For the oxygenated alternative fuels, a 

common problem is their unproven stabilities when used in on-board vehicles (Fazal et 

al, 2011). The ferrous picrate combustion catalyst, with proven effectiveness in 

improving fuel combustion and reducing the pollutant emissions, is therefore 

recommended to be widely deployed as an efficient and cost-effective approach for 

emission controls in diesel engines. 

 

The effectiveness of the ferrous picrate catalyst in reducing pollutant emissions has also 

been measured during biodiesel combustion in diesel engines. Results showed that the 

reductions of up to 24.4% in smoke, 17.3% in CO, 3.8% in UHC and 2.8% in fuel 

saving were achieved with the addition of the catalyst to biodiesel. These findings have 

proved that the catalyst has the same beneficial effect when applied to the alternative 

fuels. Furthermore, the biodiesel used is a commercial fuel in the local market which 

highlights the practical implications of the present findings. Due to resources and 

infrastructure limitations, the present tests were carried out only with neat biodiesel 
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under a fixed engine speed, only with the load condition varied. In future, it is necessary 

to test the biodiesel at various blending ratios and as a function of engine speed, load 

and catalyst dosage for a comprehensive assessment of the application of the catalyst in 

the combustions of renewable transport fuels. 

 

It should also be noted that the engine tests in the present research were performed on a 

short term basis which restricts the catalytic effect to be observed over time. It has been 

claimed by some literature (Caton et al, 1991, Zeller and Westphal, 1992, Du et al, 1998, 

Valentine et al, 2000) that the metal-based combustion catalysts may have a cumulative 

effect on fuel economies and emission reductions due to the possible deposition of the 

catalyst on engine cylinder, piston and valves with time. Hence, as part of the future 

work, field trail tests of both diesel and biodiesel fuels should be carried out over an 

extended period of time to realise a full assessment of the potentials of the ferrous 

picrate catalyst in diesel engine combustions. 

7.3 Effect of the Catalyst on Diesel Soot Characteristics 

The literature search has shown that there is no single technique that is adequate for the 

characterisations of diesel soot particles. This thesis work has developed a combination 

of several advanced analytical techniques, which is shown to be the first of this kind for 

studying the soot particles from diesel engines with the use of ferrous picrate catalyst. 

By correlating the differences observed in soot characteristics and the combustion 

where the soot particles are formed, the mechanisms of the ferrous picrate catalyst in 

soot formation processes in diesel engines have been further understood. 

7.3.1 Soot Oxidative Property 

It was found that with the use of the catalyst, soot particles from diesel engines had a 

lower ignition temperature upon heating and the oxidation reaction was completed 

sooner, with the tendency being more remarkable by increasing the catalyst dosage. 

These findings have proved that the iron in the catalyst has been incorporated in soot 

during diesel combustion and catalytically accelerated the soot oxidation process. This 

study is literally the first to recognise the effect of the ferrous picrate catalyst on soot 

oxidative properties.  
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Study of the kinetics of the dry soot oxidation has shown that the activation energies of 

soot from the reference diesel and catalyst treated fuels were at similar values of 

190~240 kJmol-1, in accordance with those in the literature, ranging from 160~250 

kJmol-1 (Dollimore et al, 1992, Stanmore et al, 1999, Dernaika and Uner, 2003, Kim et 

al, 2005). The widely-scattered values have demonstrated that the soot particles from 

different combustion systems and burning conditions possess different activation 

energies during oxidation. A significant finding from the present research is that, in 

reaction kinetics, the higher oxidative reactivity accompanied with soot from the 

catalyst treated fuels was determined to be due to a higher rate constant k and pre-

exponential factor A, compared to those of the reference diesel soot. 

 

It has been reported that metal-based combustion catalysts can reduce the soot oxidation 

temperature and thus facilitate the regeneration of DPF (Valentine et al, 2000, Song et 

al, 2006b, Okuda et al, 2009, Lee et al, 2010). This presents a new area for the 

application of the ferrous picrate catalyst considering its influence on soot oxidative 

properties. Therefore, testes should be performed by adding the catalyst into a diesel 

engine with DPF installed in the exhaust system, which can possibly be incorporated 

into the future work to see if the same benefits in the DPF regeneration process would 

be attained. 

7.3.2 Soot Morphology, Nanostructure and Particle Size 

In order to ascertain the soot morphology and microstructure, the present study has 

employed a novel thermophoretic sampling technique to directly collect soot from the 

raw exhaust to the sample grids by the thermophoretic force. Compared with the 

conventional particle analysers (Vincent et al, 1998, Lee et al, 2002), this technique 

provides more representative soot samples and offers more accuracy and reliability for 

the subsequent microscopic analysis, and has been adopted in many recent studies 

(Song et al, 2006b, Chandler et al, 2007, Hahn et al, 2008, Lapuerta et al, 2012). 

 

Results have shown that diesel soot particles are clustered aggregates which are mainly 

composed of spherical primary soot particles. This is a typical morphology of the soot 

from diesel engines, as that in the literature (Dobbins and Megaridis, 1987, Boehman et 

al, 2002, Jung et al, 2004, Tian et al, 2006, Lee et al, 2010). The most significant 

findings from the present research are that, with the addition of the catalyst to diesel, the 
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sizes of the primary soot and aggregates have become smaller due to an enhanced 

combustion inside the engine chamber. However, the internal structures and fractal 

dimensions of soot have remained the same with the use of the catalyst. These findings 

have implied that the catalyst can promote hydrocarbon combustion with less soot 

precursors presented in the combustion environment to form the primary soot and 

aggregates (thus the smaller sizes), while the mechanisms of how soot nuclei and 

aggregates are formed remain unaffected. 

7.3.3 Soot Chemical Structure and Composition 

To ascertain the structural and elemental characteristics of soot, a wide range of 

analytical techniques has been developed in this study, including EELS, FT-IR, NMR 

and elemental analyser. It was found that with or without the use of the catalyst, the 

types of carbon bonds and organic functional groups in the solid soot particles were 

similar. However, a remarkable difference lies in that higher C/H and C/O ratios were 

found in the soot from the catalyst treated diesel. As reviewed in Chapter 2 (Clague et al, 

1999, Burtscher, 2005, Wang, 2011), soot contains a solid carbon core with unburned 

hydrocarbons, trace metals and sulfates absorbed on the surface. Considering that no 

observable differences are identified in the structures of the solid soot fractions, it is 

reasonably concluded that the alterations on H, O and C contents are resulted from the 

fewer hydrocarbons and oxygenated substances absorbed on soot. A salient implication 

of these findings is that the catalyst is proved to promote the diesel combustion, leading 

to less unburned hydrocarbons and oxygenates formed and attached onto the soot 

particles. 

 

To sum up, the effect of the ferrous picrate catalyst on the characteristics of diesel soot 

particles has been comprehensively investigated. The preceding findings obtained are 

important milestones to improve the understanding of the mechanisms of the catalyst in 

soot formation processes in diesel engines. It has been demonstrated that the catalyst 

enhances the fuel combustion by improving the overall combustion environment (e.g. 

elevating the peak cylinder pressure and heat release rate inside the engine (Zhu et al, 

2012)). This leads to more complete combustion of the hydrocarbon fragments from 

fuel pyrolysis, with less soot precursors formed in the combustion zone and eventually 

the smaller primary soot and aggregates. In a later stage of combustion, the catalyst 

actively accelerates the soot oxidation process, as proved by the higher oxidative 
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reactivity of soot with iron (derived from the catalyst) depositions. Following this 

mechanism, the soot thus formed possesses higher C/H and C/O ratios and is reduced in 

the overall emission This is for the first time that the catalytic mechanisms of the 

ferrous picrate are studied and elucidated, in a way correlating to the soot characteristics. 

 

Although the overall strategy for characterising the diesel soot particles has been 

successfully developed in the present research, it is thought that the catalytic effect of 

the ferrous picrate on soot properties is worth further research. To start with, the present 

study focused on the solid framework structure of soot, leaving the volatiles untouched. 

These carcinogenic substances attached on the soot particles include volatile organic 

compounds (VOC), polycyclic aromatic hydrocarbons (PAH) and soluble organic 

fractions (SOF), some of which have long been known to cause cancer and other serious 

health problems in human and animals exposed to the emissions. Study on the effect of 

the ferrous picrate catalyst in the formations of volatiles will not only provide more 

information on the potentials of the catalyst in diesel engine emissions, but also 

contribute to the knowledge of the mechanisms of the catalyst in soot formation 

processes. Furthermore, the analytical techniques developed in this study can certainly 

be extended to study the soot from diesel engines fuelled with biodiesel fuels, under the 

effect of the catalyst. It is anticipated that the observations with biodiesel soot may 

reveal a catalytic mechanism being different from that observed with diesel soot, 

presumably because of the vital differences in the fuel make-ups and the role of the 

catalyst being possibly different in biodiesel combustion. 

7.4 The Fate of Iron in Catalyst during Diesel Combustion 

Study of the ultimate fate of iron derived from the iron-based combustion catalysts is an 

area actively pursued by numerous researchers, aiming to understand the mechanisms of 

the catalysts in the combustion process as well as their eventual state in the exhausts. In 

Chapter 2, the findings on this subject have been reviewed from the literature reports, 

and it is noted that there is virtually no documented study on the ferrous picrate in terms 

of its fate after catalysing the combustion process, which highlights the necessity of the 

present research. In this study, a single droplet flame model and a diesel engine have 

been employed to generate the soot particles, which were then collected and examined 

by the SEM and TEM instruments. These techniques are considered to be the most 
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appropriate tools for identifying metal elements in the exhausts (Wong, 1988, Jung et al, 

2005, Song et al, 2006b, Miller et al, 2007). 

 

The original findings in this study have included that iron in the ferrous picrate were 

transformed into self-nucleated iron oxide particles in the fumes of the droplet flame 

while they formed iron-decorated soot particles in diesel engine exhausts. This 

observation, in line with the literature reports (Burtscher et al, 1998, Skillas et al, 2000, 

Song et al, 2006b, Miller et al, 2007), have confirmed that the ultimate morphology of 

iron in the exhausts is dependent on the relative amount of the catalyst and soot species 

co-existed in the combustion environment.  

 

 

 
Figure 7-1 TEM micrographs from (a) literature (Zhang and Megaridis, 1994) with the 

use of the ferrocene catalyst, showing the fine iron fragments (A) incorporated 

in the primary soot matrix (B) and (b) the present study with the use of 

ferrous picrate catalyst, showing the concentric primary soot layers with the 

absence of iron 

 

  

(a)
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Table 7-3 Summary of the findings and mechanisms of iron-based HCCs in soot formation processes 

Catalyst Soot inception 
(formation of precursor) 

Soot nucleation 
(formation of primary soot) 

Soot coagulation 
(formation of aggregate) Soot oxidation Reference 

Ferrocene 

Increased soot inception Smaller primary soot, 
higher number density   (Ritrievi et al, 1987) 

No effect on precursor Promoted soot nucleation   (Hirasawa et al, 2004) 

No effect on precursor   Enhanced soot oxidation (Bonczyk, 1991) 

 
Smaller primary soot,  
iron was incorporated in 
the primary soot matrix 

 
Increased the oxidation 
rate, reduced the soot 
volume fraction 

(Zhang and Megaridis, 
1994, Zhang and 
Megaridis, 1996) 

Induced soot formation   
Iron was incorporated in 
soot and enhanced soot 
oxidation 

(Kasper et al, 1998, 
Kasper et al, 1999) 

Fe(CO)5 
Promoted the formations of 
PAH and soot precursors    Increased the oxidation 

rate (Babushok et al, 2002) 

Ferrous 
picrate  

Smaller primary soot, iron 
was not incorporated in 
primary soot matrix 

Smaller aggregate Increased the oxidation 
rate Present study 
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A rather important finding from the present study is that the iron in the ferrous picrate 

was found to be attached to the clustered soot aggregates but not incorporated into the 

primary soot matrix. In the literature (Zhang and Megaridis, 1994, Zhang and Megaridis, 

1996, Kasper et al, 1998, Kasper et al, 1999, Hirasawa et al, 2004), ferrocene as a major 

iron-based combustion catalyst has been frequently reported to act as condensation 

cores for early soot inception, and consequently the elemental iron in the catalyst 

formula was encapsulated by the soot layers, as the image displayed in Figure 7-1 (a). In 

comparison, the current observation as shown in Figure 7-1 (b) demonstrates a different 

interaction mechanism, in that, the ferrous picrate may not actively interfere with the 

soot nucleation process and thus the absence of iron in the primary soot matrix. 

 

The findings from the present research have provided new and substantial evidence on 

the ultimate fate of iron derived from the catalyst, and in the meantime improved the 

understanding of the role of the catalyst in soot formation processes during diesel 

combustion. Table 7-3 summaries the mechanisms of the iron-based HCCs reported in 

the literature and these are compared with the findings from the present work. It can be 

seen that the effects and mechanisms of the iron-based HCCs in the soot formation 

processes varied depending on the specific settings of the combustion models and 

experimental conditions. It is also seen that iron proves to promote the soot oxidation 

process as indicated by the increased oxidation rates. In comparison with the literature, 

the present study has made a great contribution and improved the understanding of the 

effect of the ferrous picrate catalyst in the formation processes of primary soot and 

aggregates, as well as the subsequent soot oxidation process. 

 

However, it should be noted that how the ferrous picrate affects the early formations of 

soot precursors requires further studies. It is well known that the in-situ soot diagnostic 

techniques, such as laser-induced incandescence (LII) and laser-induced scattering (LIS), 

are useful means for investigating the soot formation and distributions in various 

combustion systems (Crua et al, 2003, Black and Johnson, 2010, Hadef et al, 2010). As 

a continuing effort, it is recommended that LII and LIS can be employed in the future 

work to measure the amount of the soot precursors and perhaps the soot formation rates 

in the combustion of both droplet flame models and diesel engines, with or without the 

effect of the ferrous picrate. Moreover, these experimental data can be used in more 

effectively developing diesel soot formation models (Desgroux et al, 2008, Bladh et al, 
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2011), capable of predicting the effect of the ferrous picrate on the concentrations and 

species of the radicals, sizes and the number densities of primary soot and aggregates, 

against various temperatures, pressures, flame types and combustion durations. 

7.5 Overall Evaluation and Implications 

Overall, the objectives to study the effect of the ferrous picrate based combustion 

catalyst on engine pollutant emissions and soot characteristics, as well as to understand 

the ultimate fate of iron in the catalyst during diesel combustion have been successfully 

achieved, with the mechanisms of the catalyst in soot formation processes in diesel 

engines ascertained. The outcomes of the present work demonstrate: 

 The development of a systematic test program for assessing the effectiveness of the 

catalyst in reducing the pollutant emissions and fuel consumptions from diesel 

engines fuelled with diesel and biodiesel fuels;  

 The development of a comprehensive strategy for characterising the diesel soot 

particles, with significant findings on the effect of the catalyst in soot oxidative 

reactivity, particle sizes and compositions and implications in the effect of the 

catalyst in soot formation processes in diesel engines; and 

 The understanding of the ultimate fate of iron derived from the catalyst in the 

exhausts and the interpretations of the findings on the role of the ferrous picrate in 

soot formation processes during diesel combustion. 

 

These findings have important implications in the widespread application of the ferrous 

picrate catalyst in diesel engines. By assessing the potentials of the catalyst in 

improving fuel economies and reducing pollutant emissions and furthering the 

understanding of the mechanisms of the catalyst in soot formation processes during 

diesel combustion, the present research provides a scientific basis that underpins the 

development of the new catalytic technology which has immediate economic and 

environmental benefits in broader deployments. Nevertheless, the knowledge of the 

catalytic mechanisms of the ferrous picrate in diesel combustion and soot formation 

processes is far from being complete, which necessitates more experimental and 

modelling work in the future research. 
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Chapter 8 Conclusions and Recommendations 

8.1 Introduction 

This chapter presents the conclusions drawn from the present research. This thesis work 

has provided improved understandings of the effectiveness of the ferrous picrate based 

combustion catalyst in promoting fuel combustions and reducing pollutant emissions 

from diesel engines, the characteristics of diesel soot particles under the effect of the 

catalyst, as well as the ultimate fate of iron in the catalyst during diesel combustion 

processes. The conclusions and evaluations of the present work have also led to the 

recommendations for future study in this area of research. 

8.2 Conclusions 

8.2.1 Effect of the Catalyst on Diesel Engine Emissions 

• The properties of the reference diesel and catalyst treated fuels were examined 

prior to the engine tests. It was found that adding the catalyst to reference diesel 

or biodiesel had negligible influence on key fuel properties, including viscosity, 

density, pour point, flash point, sulfur content, distillation temperature and 

Cetane index. This indicates that the application of the catalyst requires no extra 

modification on the engine parts and poses no adverse impacts to the engine 

system. 

• A series of test programs was performed on a laboratory diesel engine with 

diesel fuel to quantify the effectiveness of the catalyst in reducing engine 

pollutant emissions. The improvements in fuel consumptions were also 

measured to provide with supplementary information for the assessment of the 

catalyst. It was found that the benefits gained in emission reductions and fuel 

savings were varied depending upon the engine running conditions and the 

catalyst dosages. Under the experimental conditions, the maximum reductions 

were found to be 39.5% in smoke, 22.5% in CO and 15.3% in UHC emissions as 

well as 3.8% in brake specific fuel consumptions, with the catalyst applied. As a 

consequence of the improved combustion efficiency, NOx emission was 

elevated by up to 8.3% associated with the use of the catalyst. 
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• The efficacy of the catalyst in reducing pollutant emissions was further tested on 

a large-scale diesel engine. With the addition of the catalyst, it was observed that 

the CO and UHC emissions were reduced by up to 20.7% and 22.8% at the cost 

of up to 5.3% increase in NOx emission. These results are in consistency with 

those from the laboratory engine tests, confirming that the catalyst is capable of 

improving fuel combustion efficiencies and can be widely deployed as an 

effective means of controlling the combustion pollutants from diesel engines.  

• Tests with the laboratory diesel engine fuelled with a biodiesel fuel were carried 

out to examine the effectiveness of the catalyst in alternative fuel combustions. 

Compared to those of the reference diesel, the biodiesel was determined to have 

a higher viscosity, density, flash point, initial boiling point and Cetane index; 

and the combustion produced relatively less smoke, UHC and NOx. Further 

reductions in pollutant emissions were achieved with the use of the catalyst. 

Compared with those from the untreated biodiesel, the reduction ratios were up 

to 24.4% in smoke, 17.3% in CO and 3.8% in UHC, respectively. Meanwhile, 

slight increments of up to 4.5% in NOx and 2.5% in CO2 emissions were also 

obtained due to the enhanced combustion efficiency by the catalyst, which was 

accompanied with up to 2.8% fuel savings. These results have proved that the 

beneficial effects in emission reductions and fuel savings can also be attained 

when the catalyst is applied to alternative transport fuels. 

8.2.2 Effect of the Catalyst on Diesel Soot Characteristics 

 A combination of several advanced analytical techniques was employed to examine 

the characteristics of diesel soot particles from diesel engines fuelled with the 

reference diesel and catalyst treated fuels. 

 Compared to the reference diesel soot, it was found that the soot from the catalyst 

treated fuels were ignited under lower temperatures and the oxidation reactions 

completed sooner, with the tendency being more prominent by increasing the 

catalyst dosage. The kinetics of the dry soot oxidation further revealed that the 

overall rate constant k and the pre-exponential factor A of soot from the catalyst 

treated fuels were remarkably higher than those of the reference diesel soot. These 

results implied that iron in the catalyst deposited in soot and catalytically 

accelerated the soot oxidation upon heating. 
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 It was also found that the sizes of both primary soot and aggregates from the 

catalyst treated fuels were consistently smaller than those of the reference diesel 

soot and further decreased by increasing the catalyst dosage, evidently 

demonstrating the impact of the catalyst on soot particle sizes during the formation 

processes. Furthermore, it was found that soot from diesel with or without the 

catalyst treatment all displayed a turbostratic graphitic structure with similar lattice 

spacings, indicating an unchanged microstructure in the primary soot particles. A 

cluster-cluster growth mode was also determined for all soot samples as indicated 

by the similar fractal dimensions at a value around 2, confirming that the way how 

primary soot agglomerated to form large aggregates was not affected by the catalyst. 

 It was found that the degrees of graphitisation and the types of organic functional 

groups remained to be the same in the solid fractions of soot from diesel with or 

without the catalyst treatment. However, elemental analyses revealed that the soot 

from the catalyst treated diesel possessed higher C/H and C/O ratios in composition, 

suggesting that there were less unburned hydrocarbons and oxygenates formed and 

attached to soot due to the more complete combustion with the use of the catalyst. 

 The catalytic mechanisms of the ferrous picrate in soot formation and oxidation 

processes are proposed in that, the catalyst promotes the combustion leaving fewer 

hydrocarbon fragments to form soot precursors, thus the smaller primary soot and 

aggregates. In these steps, the formation mechanisms of the primary soot and 

aggregates remain unaffected by the catalyst. In the later stage of combustion, the 

catalyst actively accelerates soot oxidation process, resulting in soot particles with 

higher C/H and C/O ratios and reduced overall soot emissions. 

8.2.3 The Fate of Iron in Catalyst during Diesel Combustion 

 The study on the ultimate fate of iron in the ferrous picrate catalyst after catalysing 

diesel combustion process was performed on a single droplet flame model and the 

laboratory diesel engine facility. 

 Results showed that the self-nucleated iron oxide particles were found in sphere 

shape from the fumes of burning the droplet of the pure catalyst and in the shape of 

irregular chunks from the fumes of burning the droplet of the catalyst treated diesel, 

which morphologically visualised the involvement of the catalyst in diesel 

combustion process. These findings also corroborated that iron in the catalyst 

condensed from the combustion phase in the post-flame region where the soot 
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samples were collected, and coagulated together to form the self-nucleated iron 

oxide particles as observed. 

 In diesel engine exhausts, it was found that the iron-decorated soot particles were 

scattered among the clusters of large aggregates from the catalyst treated diesel. 

Compared to the self-nucleated iron oxide particles in the droplet flame fumes, the 

observation of highly dispersed iron-decorated soot particles demonstrated that the 

ultimate state of iron in the exhausts was dependent upon the relative amount of the 

catalyst and soot species in the combustion environment. Furthermore, it was 

shown that there were no detectable iron signals in the primary soot matrix, 

suggesting that iron in the catalyst may not directly interact with the nucleation of 

the primary soot during the formation process. 

 It was confidently deduced that the formation pathway for the iron-decorated soot 

particles in engine exhausts and the mechanisms of the catalyst in soot formation 

processes are in that, as the catalyst treated diesel is sprayed to the engine cylinder, 

the ferrous picrate thermally and rapidly decomposes while the fuel droplet 

vaporises. The iron atoms released from the catalyst decomposition promote the 

gas-phase hydrocarbon combustion, leading to fewer fragments to form soot 

precursors, thus the smaller primary soot and aggregates. In the next stage, the iron 

atoms catalytically accelerate soot oxidation, as indicated by the lower ignition 

temperature and higher oxidation rates with the soot from the catalyst treated fuels. 

Towards the end of the combustion cycle, iron atoms condense from the burnt gas 

and form iron-decorated soot particles that attach to the large aggregates to be 

emitted in the exhausts. Following the aforementioned mechanism, the fuel 

combustion in a diesel engine is substantially promoted by the catalyst, resulting in 

lower fuel consumptions and less incomplete combustion pollutants including soot, 

as confirmed in the engine tests. 

8.3 Recommendations 

In the present thesis work, the potentials of the ferrous picrate catalyst in improving fuel 

combustions and reducing pollutant emissions have been evaluated by a series of engine 

tests and in a systematic and controlled manner. In the future, continuous engine tests 

are recommended to be conducted over a longer period of time to fully assess the effect 

of the catalyst on fuel savings, emission reductions and the conditions of engine parts 
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over time. Furthermore, tests using the catalyst in conjunction with other emission 

control techniques such as DPF and various alternative fuel sources are considered to be 

carried out to provide versatile solutions for emission controls in diesel engines. 

 

In this study, a combination of several advanced characterisation techniques has been 

developed to quantify the differences in the chemical and physical properties of the 

solid soot particles from diesel engines with or without the catalyst addition. Extending 

the present work, it is suggested that the amounts and types of the volatiles absorbed in 

soot particles should be reasonably sought after in the future. It is considered that the 

study on the catalytic behaviour of the ferrous picrate in the volatile formation will 

provide supplementary evidences to further the knowledge of the effect and 

mechanisms of the catalyst in soot formation processes during diesel combustion. 

Moreover, the analytical methodology developed in this thesis work should be applied 

to characterise the soot particles from biodiesel combustion in diesel engines, under the 

effect of the catalyst. It is anticipated that the outcomes will contribute to understanding 

the mechanisms of the catalyst in soot formation processes during the combustion of the 

alternative fuels. 

 

Based on the findings from the present study, the role of the catalyst in soot formation 

processes in diesel engines was ascertained, albeit, the knowledge in this filed is far 

from being complete. In the future, a detailed study using in-situ laser diagnostic 

techniques is recommended to investigate the effect of the catalyst on the formation of 

soot precursors in both droplet combustion models and diesel engines. With the 

experimental outputs on the concentrations and formation rates of soot precursors thus 

obtained, diesel soot formation models can be subsequently developed, considering the 

effect of the ferrous picrate catalyst in the fundamental formation processes of soot from 

diesel combustion.  
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Appendices 

Appendix A: Statistical Analysis of Diesel Engine Test 
Results 

In order to assess the significance of the reductions acquired in pollutant emissions and 

fuel consumptions with the application of the ferrous picrate catalyst, statistical analyses 

were conducted using ANOVA and Turkey-Kramer test methods (Barnes, 1994). 

According to the theories, the F-value and P-value for a pair of comparable data are 

calculated, where an F-value > F0.05 or P-value < 0.05 defines that there is a significant 

difference between the two data sets at a 95% confidence level (equivalent to the 

significance level α=0.05).  

 

Table A-1 shows a representative of the statistical analysis using the experimental data 

acquired when the engine was operated at the speed of 2800rpm and the load of 

0.14MPa BMEP. It is seen that all the calculated F-value is greater than F0.05 and the P-

value is less than 0.05, which corroborates that there are statistically significant 

differences in the smoke, CO, UHC and NOx emissions as well as the fuel 

consumptions between the reference diesel and the catalyst treated fuels, indicating that 

the fuel type (diesel with or without the catalyst treated) significantly affects the 

pollutant emissions and the fuel economies. 

 

All the experimental data obtained from diesel engine tests were examined using the 

aforementioned statistical methods and the reduction ratios presented in this thesis work 

are confirmed to be statistically significant at a 95% confidence level. 
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Table A-1 Statistical analysis of the experimental data from the reference diesel and the catalyst treated fuels with the engine operated at the speed of 2800 

rpm and the load of 0.14MPa BMEP 

Comparison of the parameters Difference between means1 F-value2 P-value2 Significance at α=0.05 

Smoke RD 
FPC-D (1:10000) 1.07 133.30 0.0000 Yes 
FPC-D (1:5000) 1.09 118.15 0.0000 Yes 

CO RD 
FPC-D (1:10000) 4.49 20.47 0.0003 Yes 
FPC-D (1:5000) 4.09 14.74 0.0012 Yes 

UHC RD 
FPC-D (1:10000) 0.09 7.27 0.0148 Yes 
FPC-D (1:5000) 0.06 4.75 0.0429 Yes 

NOx RD 
FPC-D (1:10000) -1.96 1690.39 0.0000 Yes 
FPC-D (1:5000) -1.70 827.07 0.0000 Yes 

BSFC RD 
FPC-D (1:10000) 16 227.53 0.0000 Yes 
FPC-D (1:5000) 13 149.88 0.0000 Yes 

Note: 1. Difference between means - the difference between the mean value of each parameter from the reference diesel (RD) and any of the two 

catalyst treated fuels. A positive (negative) number indicates the value of the comparable parameter from RD was higher (lower) than that from 

the catalyst treated fuels. 2. The F-value and P-value of the comparable data sets are calculated by ANOVA and Turkey-Kramer methods. An F-

value >F0.05 (F0.05 = 4.41 for this study) or a P-value < 0.05 defines that there is a significant difference between the two data sets. 
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Appendix B: Supplementary TGA tests of Diesel Soot 

During the thermogravimetric analysis (TGA), a comparative study using ultra-high 

purity air and N2 as the purge gases was performed to provide supplementary 

information for assigning the mass loss events associated with the soot samples. Diesel 

soot collected with the engine operated at the speed of 2800rpm and the load of 

0.33MPa BMEP was used as the representative sample and tested in the present study. 

The specific analytical procedures were listed in Table B-1, with the corresponding TG-

DSC curves of the soot samples compared in Figure B-1. 

 

Table B-1 Specific analytical procedures in the TGA tests of the soot samples 

Procedure A Procedure B 
Purge gas: air  
(flow rate: 40ml min-1) 

Purge gas: nitrogen  
(flow rate: 40ml min-1) 

Step I: isothermal at 25°C 
for 3min 

Step I: isothermal at 25°C for 3min 

Step II: heat to 700°C at 
10°C min-1 

Step II: heat to 500°C at 10°C min-1 

 
Step III: purge gas switches to air 
(flow rate: 40ml min-1) 

 Step IV: heat to 700°C at 10°C min-1 
 

From Figure B-1, it can be seen that the two TG-DSC curves of soot were 

indistinguishable in the temperature region of 100~250°C, which corresponds to the 

evaporation of the light unburned hydrocarbons and the volatile organic compounds 

(VOC). In the temperature region of 300~500°C, the TG-DSC curve acquired under N2 

atmosphere shows a gradual weight loss due primarily to the evaporation of heavy 

hydrocarbons (large UHC, VOC, PAH molecules); in comparison, the curve under the 

air atmosphere displays a remarkable heat release peak, which can be assigned to the 

oxidation of the heavy hydrocarbons. For the temperature region that above 500°C, both 

sets of curves show sharp mass loss events with major heat release, which can be 

attributed to the dry soot oxidation. 
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Figure B-1 TG-DSC curves of diesel soot samples under two specific analytical procedures 
 

Followed with the aforementioned preliminary study, the procedure A which involved a 

pure air atmosphere was deployed throughout the TGA analyses of soot samples and the 

experimental findings were detailed in Section 5.2. 
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Appendix C: Soot Sample Pre-treatment for EELS 
Analysis 

 
Figure C-1 HRTEM micrographs showing the microstructure of (a) raw soot sample, (b) 

soot sample heated at 50°C in vacuum and (c) soot sample heated at 100°C in 

vacuum 

(a)
(b)

(c)
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In EELS analysis, the volatile organic compounds contained in soot tend to evaporate as 

the beam with high-energy electrons passes through the sample, leading to a 

compromise in the clarity and accuracy of the micrographs acquired. It is therefore very 

necessary to preheat the sample grids using a vacuum oven at an appropriate 

temperature. The heating temperature is of great importance, at which it should be able 

to eliminate the volatiles and also reserve the soot microstructure. In this case, high 

resolution TEM (HRTEM) is a useful tool to help ascertain the changes in the 

microstructures of soot samples before and after the heating treatment. 

 

Figure C-1 (a) displays the HRTEM micrograph of the raw soot sample, it is clear to see 

the turbostratic graphitic structure with a discernible outer shell and an inner core from 

each primary soot particle unit. After heated at 50°C for 10 hours in the vacuum oven, 

the sample was examined again with the corresponding HRTEM image shown in Figure 

C-1(b), it is noted that the clarity of the image was largely improved with the typical 

core-shell microstructure from each primary soot particle perfectly reserved. In the 

meantime, a parallel soot sample was heated at a higher temperature of 100°C for 10 

hours and subsequently analysed by HRTEM, with the image shown in Figure C-1 (c). 

It is obvious that the concentric graphitic layers in the outer shell of the soot 

microstructure were severely damaged, indicating that the temperature was appreciably 

high to treat the soot sample. Therefore, the optimum condition for the preparation of 

the soot samples is selected as that, to heat the sample grids at 50°C for 10 hours in the 

vacuum oven, which is proved to have improved EELS signals. 
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